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ABSTRACT 
     Fusarium root rot is a widespread and common disease in soybean. Several Fusarium 
species have been reported to infect soybean roots but their occurrence, aggressiveness 
and impact on yield have not been quantified. To gain a better understanding of the 
importance of root-infecting Fusarium species in soybean productivity in Iowa, a three 
year root survey, and greenhouse and field experiments were conducted in order to 
accomplish the following objectives, 1) characterize the frequency of Fusarium species 
associated with soybean roots from Iowa soybean fields, 2) determine aggressiveness of 
predominant Fusarium species towards soybean, 3) estimate the impact of Fusarium 
species on growth and yield of soybean plants and 4) determine whether there is an 
interaction between SCN infestation and Fusarium root rot species in soybean roots. Using 
morphological and molecular techniques, 15 Fusarium species were identified in 
association with soybean root. Fusarium oxysporum, F. solani, F. acuminatum, and F. 
graminearum were most frequently isolated and most prevalent at the county and field 
level. Aggressiveness of isolates representing the most frequent species was tested under 
greenhouse and field conditions. In the greenhouse, aggressiveness differed between 
species and among isolates at V3 soybean growth stage; F. graminearum caused the most 
severe root rot and detrimental effects on root system morphology, followed by F. 
virguliforme and F. proliferatum. Significant variation in aggressiveness was observed 
among F. oxysporum isolates, some of which caused severe damping off. In the field, low 
root rot severity was observed. Mean yield was not significantly reduced but significant 
linear relationships were found for some isolates between yield and root health measures. 
To determine whether SCN infestation enhances root rot disease in soybean, greenhouse 
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and field trials were conducted using cultivars that differ in genetic resistance to SCN. 
Under greenhouse conditions, seedlings of SCN-susceptible and SCN-resistant cultivars 
were grown in soil infested with Fusarium alone and in combination with SCN. Two 
isolates from each of 8 Fusarium species were tested. There were significant interactions 
between Fusarium isolates and SCN, with co-inoculation with both pathogens consistently 
causing more detrimental effects on root development than either pathogen alone. This 
effect appeared to be additive except for three isolates (FG2, FS2, and FSP1) with 
evidence for synergistic effects. In the field, Fusarium root rot severity was correlated with 
SCN population density, but SCN-resistant and SCN-susceptible cultivars did not 
consistently differ in root rot severity, suggesting that the use of SCN resistance is not 
likely to reduce Fusarium root rot severity. Overall, this study has identified the most 
prevalent and most aggressive Fusarium species causing root rot in Iowa, and shown that 
some species are capable of causing soybean yield losses. Our results also indicate that 
SCN population densities, soil pH and Fusarium root rot severity are related and they act 
together to affect soybean yield, although the mechanism of these interactions is unknown. 
These findings will guide future research on Fusarium root rot, including studies of the 
genetic diversity within species, epidemiological and ecological features of the disease, 
and host-pathogen interactions, and ultimately help to development management practices 
for the disease. 
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CHAPTER 1. 
GENERAL INTRODUCTION  
 
Dissertation organization 
This dissertation is organized in five chapters. The first chapter contains the 
introduction, literature review, and research justification. Chapter two describes the 
distribution and frequency of isolation of Fusarium species associated with soybean roots in 
Iowa. Chapter three includes experiments regarding the aggressiveness and impact of 
Fusarium root infection on soybean growth and yield under greenhouse and field conditions. 
Chapter four is a study conducted under greenhouse and field conditions to determine the 
interactions between Heterodera glycines and Fusarium root rot species in soybean. Chapter 
five presents the general conclusion of this project and is followed by an appendix. 
 
Literature review 
The soybean crop 
Soybean Glycine max L. (Merr.) is a leguminous plant belonging to the family 
Fabaceae (Phaseoleae), native to Asia. It was domesticated in China (1550-1027 B.C.) and 
introduced to the U.S. in 1765 (36). It is considered the number one oilseed crop produced 
and consumed in the world. About 50 countries around the world grow soybean, but during 
the past half century, U.S. has been the world’s leading producer (105). Soybeans are the 
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second most planted field crop in the U.S. after corn, with 77.5 million acres planted in 2009. 
More than 80% of the total U.S production occurs in the North-Central states (79, 101, 105). 
Within this region, Iowa and Illinois have the greatest harvested area and production (103). 
In 2011, approximately 3,060 million bushels of soybean were produced from 75.0 million 
acres in U.S.; Iowa alone produced 468 million bushels of soybean this year, ranking first on 
the top five soybean producing states (65, 101). High yields are critical to U.S. soybean 
producer profit margins, but can be compromised by many factors such as diseases, insects, 
weeds and weather (109). 
Diseases have been a major problem of soybean production in the U.S. (107, 108, 
108, 110, 111). Estimated total losses attributed to diseases differ every year and impacts 
depend on the production area and environmental conditions (36). Many soybean diseases 
cause yield reductions in soybean, but while some of them, such as foliar diseases, are 
obvious and easy to detect. Others, such as root rots, may be unnoticed because damage 
occurs below ground. Consequently, root rot diseases may have considerable greater impacts 
on soybean growth and productivity than currently known. There are common root rot 
diseases that affect soybeans, causing varying degrees of damage from year to year. Each has 
characteristic symptoms and all are caused by soilborne fungi.  The most common are 
Phytophthora root rot (Phytophthora sojae), Rhizoctonia root rot (Rhizoctonia solani), 
Pythium root rot, (Pythium spp.); Charcoal rot (Macrophomina phaseolina) and Fusarium 
root rot (Fusarium spp.) (36, 63, 67).  
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The Genus Fusarium  
History and taxonomy 
The genus Fusarium belongs to the Ascomycota phylum, Ascomycetes class, 
Hypocreales order, while the teleomorphs of Fusarium species are mostly classified in the 
genus Gibberella and for a smaller number of species in the Hemanectria and Albonectria 
genera (50, 60). 
The genus Fusarium was first described by Link in 1809, and is now a genus that 
contains many plant-pathogenic fungi (50). The taxonomy of Fusarium species has always 
been a controversial issue and has undergone a number of changes during the last 100 years. 
The first major work of Fusarium taxonomy was published by Wollenweber and Reinking in 
1935. In their book, Die Fusarien¸ the genus Fusarium was organized from approximately 
1000 species into 65 species. Subsequently, Snyder and Hansen developed a system in the 
1940’s in which they reduced the Wollenweber and Reinking’s system to approximately nine 
species, but added cultivar names to differentiate strains (50, 70, 93). In 1960 based on the 
Wollenweber and Reinking and the Snyder and Hansen systems Gordon published a system 
that included 26 Fusarium species (34). In 1971 Booth modified Gordon’s taxonomic system 
adding information that included perithecial forms and classification of conidiophores and 
conidiogenous cells. In 1983, Nelson, Toussoun, and Marasas (68) developed a taxonomic 
system for the genus that contained 75 species; their system included taxonomic characters 
such as macroconidia, microconidia, conidiophores, and chlamydospores (49, 55, 69, 70). 
This is still the most widely accepted system for identification by morphological characters, 
and it was updated in 2006 (50). These authors present descriptions of Fusarium species 
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based on morphological characteristics augmented by information on sexual mating 
compatibility and molecular characteristics using variations in DNA sequences. 
Importance of Fusarium as plant pathogen  
 
Fusarium is a widespread and very common soil-borne pathogen causing important 
diseases in a diverse host range either as primary or secondary invaders (25, 70). They can 
cause diseases such as crown rot, stalk rot, head blight, and scab on cereal and grains; 
vascular wilts on a wide range of horticultural crops such as tomato; root rots in beans, 
peanuts, soybean, and asparagus; and also cankers, and other diseases (4). In history, one of 
the biggest social impacts of Fusarium was the near devastation of commercial banana 
industry in the 1960’s by Panama wilt disease cause by Fusarium oxysporum f. sp cubense 
(81). In the United States, Fusarium had a significant impact in wheat and barley production 
areas in the upper Midwest by Fusarium head blight (scab) disease causing losses of several 
billions of dollars particularly during the 1990s  (106).  
Several Fusarium species have also been studied extensively because the mycotoxins 
they produce, which are secondary metabolites that cause different physiological and 
pharmacological responses in plants and animals. Fusarium species are best known for 
production of the trichothecene mycotoxins, but they may also produce a variety of other 
mycotoxins such as fumonisins and zearalenone, pigments, antibiotics and phytotoxins (58, 
71).  
Fusarium species are widely distributed in soil, roots and aerial plant tissues, plant 
debris, and other organic substrates (5, 69, 72). They are common in tropical and temperate 
regions and have also been found in deserts, alpine and arctic areas (69, 72). Plant infection 
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by Fusarium can occur at all developmental stages, from germinating seeds to mature 
vegetative tissues, depending of the host and Fusarium species involved (62). 
Diseases caused by Fusarium species in soybean  
Multiple Fusarium species have been found associated with soybean in the United 
States and in other countries such as Argentina, Brazil and China (6, 12, 41, 59, 80, 87, 120).  
Fusarium species have been associated with soybean since 1917 when Cromwell (1917) 
cited by Nyvall (76) reported Fusariu tracheiphilum E.F. Smith (Fusarium oxysporum) as a 
causal organism of a blight of soybeans. Currently, several species are recognized as 
pathogen of soybean, causing diseases such as Fusarium wilt, caused by F. oxysporum (7, 
28); sudden death syndrome (SDS), caused by Fusarium virguliforme (6, 86), and several 
species causing seed and seedling diseases and root rot (15, 60, 61, 67, 83, 91, 104, 119). 
Sudden death syndrome (SDS) 
Sudden death syndrome (SDS) of soybean, caused by Fusarium virguliforme (Aoki, 
O’Donnel, Homma & Lattanzi), is an economically important disease. SDS is among the top 
ten diseases that suppress yield in soybean in the United States, ranking between second and 
fifth place during the period of 1996-2007 (107, 110). F. virguliforme can cause severe root 
rot and loss of root mass (33). However, the main damage to soybean plants is the foliar 
symptoms which are induced by the production of a toxin by the fungus (53, 41). Foliar 
symptoms start with formation of circular scattered mottling on leaves and marginal cupping 
(54). These spots grow to form large chlorotic and necrotic blotches between leaf veins, 
while the midvein and major lateral veins remain green. Leaflets eventually drop but the 
petioles remain in the stem (33, 63). 
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Fusarium blight or wilt 
Fusarium wilt or blight can affect soybeans at any stage of development and is very 
apparent in the southeastern of U.S. It is caused by the soil-borne fungus Fusarium 
oxysporum (28, 67). Affected plants have a wilting of the stem tips and the upper leaves are 
scorched. The middle and lower leaves can turn yellow or have pale yellow spots. In severe 
cases the leaves will dry up and drop prematurely (67). Symptoms are more noticeable under 
reduced moisture and hot conditions. Infected plants also show brown vascular tissue in the 
root and stems (63). 
Seedling diseases 
Damping off is caused by different Fusarium species. Disease is favored by cool and 
wet weather conditions during the first weeks after planting and then followed by hot, dry 
weather conditions (77, 27, 83, 91, 118). Fusarium can attack seeds that may fail to 
germinate and young seedlings that have not emerged yet from the soil. When the seedlings 
are attacked before emerging, they may show dark and water-soaked lesions on stems, the 
infected areas enlarge and seedlings may die (10, 17). However, if the seedling is able to 
emerge, roots or stems also could be attacked resulting in damping-off (15, 67, 97, 115). 
Fusarium spp. associated with soybean seeds. 
Seeds heavily infected by Fusarium may have a reddish discoloration, and 
germination is reduced (60). The following Fusarium species have been isolated from 
soybean seeds: F. acuminatum, F. equiseti, F. graminearum, F. verticillioides, F. oxysporum, 
F. pallidoroseum, F. rigidiusculum, F. solani, F. sporotrichioides and F. tricinctum (15, 26, 
67, 76, 88).  
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Fusarium root rot 
Fusarium root rot is common and widespread disease in the U.S. and the causal 
agents can survive for long periods in soil (57,114). The research presented in this thesis 
focused on this disease so it will be described in more detail below.  
Fusarium root rot of soybeans 
Importance 
Fusarium root rot was first reported as a problem in soybean in Iowa in 1953 by 
Dunleavy (74). The disease was initially attributed to Fusarium orthoceras Appel & Wr.; 
later on it was documented that F. oxysporum was the predominant fungus isolated from 
symptomatic soybean roots (30, 76). Several Fusarium species have been isolated from 
soybean roots in different soybean production areas (13, 14, 20, 22, 21, 43, 49, 59, 61, 67, 76, 
80, 83, 120). Previous studies have demonstrated that the Fusarium oxysporum and Fusarium 
solani are generally the common species causing root rot symptoms in soybean in United 
States (14,30, 67, 43, 49) and other countries (12, 39, 80,119), although several other species 
are involved. Fusarium root rot in soybean may be difficult to diagnose because the causal 
agents may either act as primary pathogens or they may colonize root systems along with 
other soilborne fungi. (e.g. Pythium, Phytophthora, and Rhizoctonia) (8, 18, 27, 30, 57). 
Disease symptoms  
Affected plants may exhibit poor or slow emergence. Symptoms are generally 
confined to the roots and lower stems (67).  The lower taproot and lateral roots of infected 
soybean plants may appear brown to black in color and show cortical decay or vascular 
discoloration. Lateral roots may also die and decompose, and secondary roots may develop 
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above them on the upper taproot (57, 67, 115). If root rot becomes severe, infected soybeans 
may develop foliar symptoms including stunting, marginal or whole leaf chlorosis 
(yellowing), wilting, and defoliation (57, 67). 
Fusarium root rot species reported in soybean 
Several Fusarium species have been found associated with root rot of soybean. The 
species most frequently associated with root rot on soybean are F. solani and F. oxysporum. 
(30, 43, 45, 49, 67, 76). Other Fusarium species include F. acuminatum, F. chlamydosporum, 
F. compactum, F. culmorum, F. equiseti, F. graminearum, F. merismoides, F. proliferatum, 
F. pseudograminearum, F. semitectum, F. subglutinans, F. verticillioides, F. redolens, F. 
virguliforme, F. poae, F. tricintum, F. sporotrichioides, and F. avenaceum (3, 12, 13, 14, 15, 
19, 20, 21, 22, 26, 30, 43, 49, 52, 59, 61, 64, 67, 76, 80, 83,120, 113, 119). 
Fusarium root rot species identification  
The identification of Fusarium species is often difficult, being based primarily on the 
morphology of asexual spores (50). Therefore, it is important to examine conidia that are 
well developed and uniform in appearance. The growth and sporulation of Fusarium spp. is 
highly dependent on cultural conditions (e.g type of media, light and temperature) (29). In 
addition to using morphological characteristics, other tools have been developed that can 
complement morphological techniques of Fusarium identification. Klittich and Leslie (46) 
developed methods to test for sexual compatibility for species identification.  Two obstacles 
to recognition and characterization of Fusarium root rot have been the lack of effective 
methods for identifying multiple pathogens in plant samples and accurately quantifying 
infection by individual pathogen species. Advances in molecular biology methods have 
started to address some of these problems.  Conventional PCR, DNA sequencing, and real-
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time PCR are powerful molecular tools for quantification of plant colonization by pathogens 
(1, 50). Molecular identification is more precise and less time-consuming than conventional 
morphological identification, since the latter requires taxonomical expertise and it is not truly 
quantitative due to limited sensitivity and bias resulting from differences in growth rates on 
artificial media (29, 50,101). Ultimately, molecular tools can help in Fusarium identification, 
as well as the description of new species (95) 
Disease cycle and epidemiology 
Fusarium root rot comprises a diverse group of fungi, members of which could be 
pathogenic or nonpathogenic to soybean under diverse environmental conditions. Host and 
climatic factors influence the growth, survival, dissemination and hence the incidence of 
Fusarium fungi and disease severity (4, 24). The influence of climatic factors on Fusarium 
root rot is complicated by the fact that Fusarium fungi can cause disease individually or in 
complex infections (67) and there are numerous reports on how species differentially respond 
to environmental variations, particularly temperature and humidity (24). 
Fusarium species are widespread soilborne organisms capable of surviving for long 
periods of time as chlamydospores and as mycelium in plant residues and in the soil. Cool 
temperatures and wet soils, particularly early in the growing season, often favor infection by 
Fusarium species (57, 67, 116).  However, later in the growing season, as soil moisture 
becomes more limiting, soybeans may become stressed and may also be susceptible to 
infection by Fusarium (57, 67,116,119). According to Nelson et al. (69), Fusarium species 
that produce root rot attack the cortex, storage tissue or seed of the host. Some of the 
Fusarium species that cause root rot are specialists in infecting and destroying the cortical 
regions of the host (67). Certain Fusarium species invade the vascular tissues during the late 
10 
 
 
 
stages of pathogenesis; they can generally infect the roots or hypocotyl of the host by 
penetrating the stomata, wounds, root tip or meristematic region of the roots (34, 66, 68, 69).  
Penetration occurs directly through epidermal cells and indirectly through lenticels, wounds 
resulting from secondary root development, or stomata on the hypocotyl. Indicial 
intercellular penetration is followed by intercellular growth of hyphae in the cortex (11, 67, 
68, 69).  
Disease management strategies 
Fungicidal seed treatment is a recognized management tool for Fusarium infection of 
seeds and seedlings (115), but it was not used routinely in soybeans until the past 5 years. 
Many seed treatment field trials have been conducted, with mixed results; in many cases, the 
yield benefit is not sufficient to justify treating soybean seeds. However, it is clear that under 
high-risk conditions, namely cold, wet soil, high levels of crop residue, and marginal seed 
quality (67, 119), seed treatments can be economically beneficial on soybeans. Other 
recommendations are to grow cultivars resistant to Fusarium and to soybean cyst nematode, 
plant in well-drained soil, and use high-quality seed (67). Also, in fields with history of 
Fusarium, the use of cultivation practices that prevent or reduce soil compaction and promote 
favorable soil moisture may help to make conditions less favorable for infection by Fusarium 
species (57). Good soil fertility should be maintained (67). There are few studies that 
investigate the use of microorganism as biocontrol measure of Fusarium root rot in soybean. 
The use of microorganism to control plant diseases is a promising strategy and has a potential 
for managing Fusarium root rot (120). Zhang et al. (120) evaluated in vitro antagonistic 
activities of Bacillus subtilis strains in dual cultures with F. oxysporum and F. graminearum. 
They demonstrate eight B. subtilis strains had the ability to provide a consistent protection of 
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soybean plants against Fusarium spp. when they were used as a seed treatment and applied to 
the soil. 
Importance of Fusarium root in soybean production 
Although Fusarium root rot is common and widespread, its yield impact has been 
difficult to quantify because the disease often occurs in combination with other pathogens or 
plant health problems, and below-ground symptoms may be indistinguishable from other root 
rots (45). According to Wrather (107,108,109,110, 111), average soybean yield losses to 
Fusarium diseases in the United States from 1994-2010 were estimated at approximately 
36.2 million bushels /year, mostly due to SDS. Fusarium root rot average losses were 
estimated at 6.63 million bushels /year. This estimate does not include the role of Fusarium 
species in seedling diseases, which were estimated to cause average losses of 34.3 million 
bushels /year over the same time period. The portion of the seedling disease losses that can 
be attributed to Fusarium species is not clear, with some reports indicating that Fusarium 
species are the primary seedling disease pathogen, while other reports indicate that Pythium 
and Rhizoctonia are the primary pathogens (83). Because root rots typically occur as 
complexes, symptoms vary and it is difficult to determine if Fusarium is a primary or 
secondary pathogen or a saprophyte that colonized after another root rot pathogen became 
established. Fusarium species are often isolated from soybean roots that are also infected by 
other pathogens such as Pythium, Phytophthora, and Rhizoctonia (67). 
Interactions between nematodes and soilborne fungi 
According to Powell (82), among factors that may be involved in the initiation and 
development of certain plant diseases is the possible association of more than one 
microorganism with the host plant at a given time. In nature, plants are rarely if ever 
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subjected to influence of only one potential pathogen. This fact is true especially for 
soilborne pathogens, so a logical assumption is that a potential host is constantly exposed to 
various microorganisms, and these microorganisms must influence one another, as they 
occupy the same habitat. Plant-parasitic nematodes often play a major role in disease 
interactions. Also soilborne fungi constitute a significant portion of the soil microflora; some 
of them are recognized plant pathogens and other are not normally pathogenic under 
prevailing conditions (82). 
The first report of an interaction between a plant-parasitic nematode and a soilborne 
plant pathogenic fungus was by Atkinson in 1892, who found that Fusarium wilt of cotton 
was more severe in soil co-infested with the root-knot nematode (Meloidogyne spp.) and F. 
oxysporum than in soil infested with only F. oxysporum. Further evidence for the interaction 
between Fusarium spp. and root-knot nematodes in cotton was later provided (73, 82). 
The combination of nematode and fungus often results in a synergistic interaction. 
Back et al. (9) report three types of synergistic interactions between fungi and nematodes that 
can affect the host. One can be a called a positive (or synergistic) association between 
nematode and pathogen, and occurs when their association results in plant damage exceeding 
the sum of the individual damage of both pathogens. Conversely, where an interaction 
between both pathogens results in plant damage less than expected from the sum of both 
individually, the interaction is described as antagonistic. An additive association occurs when 
nematodes and fungi cause plant damage that equates to the sum of individual damage by 
both pathogens (9). 
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The soybean cyst nematode (SCN)  
The soybean cyst nematode (SCN), Heterodera glycines, is a plant-parasitic 
roundworm that attacks the roots of soybeans and is considered the most economically 
important pathogen of soybean in U.S. (75, 111).  The large area of global production of 
soybean and the economic loss in soybean production to SCN have made this crop/pest 
combination one of the most important in agriculture (92).  
Although soybean has been grown for many years in United States, SCN has been 
recognized as a pathogen for a relatively short time. Soybean cyst nematode was first 
reported causing damage in soybean crops in 1899 in China, and it was named by the 
growers as “fire-burned seedling”, therefore it is believed that China was the origin of SCN 
(92). 
In the United States, SCN was first reported in 1954 in North Carolina and has spread 
to most soybean producing areas in the country. Since its first report, it has been found in 25 
more states in the Southeast and Midwest, including Illinois, Minnesota, Missouri, Nebraska, 
and Wisconsin (92). SCN was probably introduced in Iowa during the 1970’s (92) and it was 
first noted in Winnebago County in 1978.  Currently the nematode has a widespread 
distribution in Iowa causing significant yield losses in the state with losses estimated at 
approximately 500,673 tons in 2005. National losses were estimated at 3.21 million tons in 
2010 (108, 109).  
The presence of SCN is not usually obvious at the time of initial soil infestation. The 
nematode population density must increase in the soil until it is sufficient to cause above-
ground symptoms on plants or a decrease in yield. Population densities may take several 
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years to reach significant numbers. Thus, current SCN damage to soybeans is the result of 
infestations that have been growing for several years (91, 98). 
The importance of SCN does not only depend on the damage caused by feeding 
females and juveniles in soybean roots. Soybean cysts nematode also interacts with other 
abiotic factors such as soil pH and iron deficiency chlorosis (16, 76); and biotic factors such 
as soilborne pathogens especially fungi, that cause wilt and root diseases (90). Reports have 
associated SCN in soybean with Rhizoctonia solani, Phythopthora sojae, Macrophomina 
phaseolina, Cadophora gregata (Phialophora gregata) and Fusarium spp. (26, 27, 44, 67, 84, 
92, 94, 96, 112). 
SCN and Fusarium spp. interactions in soybean 
Interactions are known to exist between SCN and Fusarium species in soybean. The 
most recognizable interactions are between SCN and F. virguliforme the causal agent of SDS 
and F. oxysporum the cause of Fusarium wilt. 
Nematodes are known to increase severity of Fusarium wilt in soybean and other 
crops such as cotton, cowpea, potato and tomato (9, 40, 84, 96). In soybean, few studies have 
demonstrated interactions between SCN and Fusarium wilt (82, 94). In 1965, Ross (84) 
demonstrated that SCN predisposed soybean plants to Fusarium wilt infection. 
The most studied interaction between Fusarium and SCN is the interaction of the 
nematode with F. virguliforme, the causal agent of SDS. The soybean cyst nematode is 
considered to be an important player in the incitement of the disease and it is frequently 
present when SDS occurs (56, 84, 90). Studies have reported that SDS is far more likely to 
appear in a field with moderate to high populations densities of SCN (38, 93). In a study by 
Hirrel (38), SCN was associated with 70 to 80% of plants displaying SDS symptoms in thirty 
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fields across four states. In addition, Roy et al. (85) isolated F. virguliforme from cysts from 
a majority of fields in the Midwest and South. It is possible that the cysts provide an 
environment for the fungus that is more sheltered from other soil microorganisms than soil or 
soybean residue alone. The ability of F. virguliforme to survive in SCN cysts can possibly 
influence the severity of SDS and its dispersal.  
Reports show the combination of both pathogens can produce in soybean the most 
yield losses in United States (110). SDS alone is capable of causing considerable damage on 
soybean, however studies have shown that SCN accelerates the development of SDS foliar 
symptoms and increases their severity, leading to greater yield loss in soybean production 
areas (112, 114). Gao et al (31) found the infection of the roots by SCN did not affect root 
colonization by the fungus; although both pathogens reduced soybean growth, SCN did not 
increase SDS foliar symptoms. Other studies indicate that there may not be a direct 
relationship of SDS to SCN. In this case researchers speculate that the nematode acts as an 
additional stress on the plants, making them more subject to infection and colonization (31, 
37, 56, 90). 
Although many reports have been published concerning the interactions mentioned 
above, interactions between SCN and Fusarium root rot have received little attention and 
limited examples have been documented (23,43). Killebrew (43) evaluated how the 
interaction of F. solani and SCN affected root rot severity under greenhouse conditions. 
Results from this study showed disease severity was not significantly changed when F. solani 
and SCN were inoculated together on soybean as compared with each pathogen alone. In the 
field, observations suggest that there are interactions among Fusarium root rot and SCN, but 
this possible interaction has not been confirmed with experimental data. 
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Fusarium root rot interactions with other abiotic factors 
Factors such as the soybean cyst nematode (SCN), soil compaction, crop rotation 
history, soil pH, herbicide and hail injury, iron chlorosis and soil type may be important for 
the development of Fusarium root rot (47, 17, 57, 67, 116, 119). 
It seems clear that interactions with other diseases are important considerations 
regarding the economic impact and management of Fusarium root rot. Along with 
observations that connect Fusarium root rot with SCN, there is a strong precedent in the 
literature for interactions between SCN and soilborne fungi. In turn, SCN interacts with 
edaphic factors and these relationships may influence Fusarium root rot. High pH soils are 
more prone to problems with SCN; in a recent example, Pedersen et al. (78) showed 
consistent positive correlations between soil pH and SCN populations in several experiments 
in Iowa and Wisconsin. Soil pH can affect soilborne fungi as well; Killebrew et al. (43) 
found that isolation of F. virguliforme and severity of SDS was higher when soil pH was 
high. There is also evidence for spatial correlations between soybean root rot, SCN, and soil 
pH in fields (51), but the role of Fusarium species in these relationships is not clear. 
In addition, studies have established the existence of a glyphosate-Fusarium 
interaction. Kremer (48) found populations of Fusarium increased after glyphosate 
application, although no data were presented on the species involved or their pathogenicity. 
Moreover there are studies that claim this interaction is greatly influenced by soil moisture 
content. Kremer and Means (47) determined the impact of soil moisture content on root 
colonization of glyphosate-treated soybean by Fusarium species. They found that highest 
levels of Fusarium colonization were associated with glyphosate treatment, at the highest soil 
moisture level. Previous studies suggested that elevated concentrations of glyphosate delayed 
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decomposition of plant residues, suggesting Fusarium preferentially utilized glyphosate as a 
nutrient source before plant residues (2, 47, 50, 48). 
 
 
Thesis Justification 
Fusarium species are ubiquitous in soil and can cause important soybean diseases 
such as root rot. Multiple species of Fusarium have been reported to infect soybean roots, but 
their relative aggressiveness as root rot pathogens is not known. In some cases, these root 
rots can be exacerbated by other pathogens, such as the soybean cyst nematode (Heterodera 
glycines). The most important species of Fusarium causing root rot on soybean, as well as 
their interactions and overall impact on soybean productivity, are unclear. The main goal of 
this research was to increase understanding of the importance of root-infecting Fusarium 
species in soybean productivity in Iowa. The results of this study will provide important 
information on the biology, prevalence and distribution of the disease in Iowa, which can 
help guide management efforts and future research needs. The objectives of this research 
were to:  
 
1. Characterize the frequency of Fusarium species associated with soybean roots from Iowa 
soybean fields.  
2. Determine aggressiveness of predominant Fusarium species towards soybean.  
3. Estimate the impact of Fusarium species on growth and yield of soybean plants. 
18 
 
 
 
4. Determine whether there is an interaction between SCN infestation and Fusarium root rot 
species in soybean roots. 
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CHAPTER 2. 
DISTRIBUTION AND FREQUENCY OF ISOLATION OF FUSARUM SPECIES 
ASSOCIATED WITH SOYBEAN ROOTS IN IOWA 
 
A paper to be submitted to the journal Plant Disease 
 
Maria Mercedes Díaz Arias, Leonor F. Leandro and Gary P. Munkvold, Department of Plant 
Pathology and Microbiology, Iowa State University, Ames 50011 
 
Abstract 
Fusarium species are ubiquitous in soil and cause important soybean diseases 
including damping off and root rot. Fusarium oxysporum and Fusarium solani are the most 
common species complexes in soybean tissues and most well-known for causing root rot 
symptoms. Other Fusarium species have been associated with soybean roots but their relative 
aggressiveness and impact in soybean production as root pathogens is unclear. In order to 
characterize the distribution and frequency of Fusarium species associated with soybean 
roots, we conducted a three-year root survey in 98 Iowa counties. Ten plants were collected 
from each of 140 fields at both V2-V5 and R3-R4 soybean growth stages. Fields were 
arbitrary selected. Soybean root pieces were surface sterilized and placed onto a Fusarium 
selective culture medium. Fusarium colonies were identified to species based on cultural and 
morphological characteristics. Species identification was confirmed for selected isolates by 
amplification and sequencing of the translation elongation factor (TEF) gene. Fifteen 
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Fusarium species were identified, with F. oxysporum, F. solani, F. acuminatum, F. 
graminearum, F. sporotrichioides and F. proliferatum being the most frequent and 
widespread species. Some species, such as F. semitectum, F. subglutinans, F. virguliforme, 
F. armeniacum, F. avenaceum, F. tricinctum and F. poae, were recovered from few of fields. 
Most of the species have been reported on soybean before, but some have not previously 
been associated with soybean roots, such as F. armeniacum. Differences in incidence 
(percentage root pieces from which a species was isolated) were also observed among 
species. Fusarium oxysporum, F. solani, F. acuminatum and F. graminearum were recovered 
at the highest incidence. Variability in species frequency (as a percentage of total Fusarium 
isolates collected) was found between soybean growth stages; F. oxysporum was recovered at 
higher frequency at the V2-V5 growth stage (40%) compared to the R2-R5 growth stage 
(22%). Conversely, species such as F. solani, F. acuminatum, F. graminearum and F. 
sporotrichioides were recovered more often from plants in reproductive stages than from to 
vegetative stages. No significant differences in incidence and frequency of isolations were 
obtained among fields with different tillage practices and different row spacing.  
 
Introduction 
Fungi in the genus Fusarium cause several diseases of soybean, including Fusarium 
wilt, caused by F. oxysporum (2, 11); sudden death syndrome (SDS), caused by Fusarium 
virguliforme (1, 40), seed and seedling diseases, and root rot (8, 31, 34, 39, 45, 49,51). 
Fusarium root rot is a common and widespread disease in the U.S. (51). At least 18 
Fusarium species have been isolated from soybean roots on different soybean production 
areas (5, 6, 10, 23, 25, 26, 31, 30, 34, 36, 38, 39, 54). Previous studies have demonstrated 
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that the Fusarium oxysporum and the Fusarium solani are generally the most common 
species in soybean tissues and the main causal agents of soybean root rot in the U.S. (6,14, 
23, 26,34,) and other countries (4,21, 38, 54, 38). Affected plants may exhibit poor or slow 
emergence, and root symptoms, including dark brown lesions, especially in the lower portion 
of root system, or decay of the entire taproot (34).   
Studies on occurrence, distribution, pathogenicity and cultivar resistance have been 
conducted for F. oxysporum and F. solani (5, 14, 24, 34), but few studies have been done for 
other Fusarium species isolated from soybean roots (5, 6, 10, 25, 30, 38). Reports and field 
observations indicate that infection of soybean roots by these fungi is common, but their 
impacts on root health and yield are unclear.  
Fusarium root rot was first reported as a problem in soybean in Iowa in 1953 by 
Dunleavy (36). The disease was initially attributed to F. orthoceras Appel & Wr., but later it 
was documented that F. oxysporum was the predominant fungus isolated from symptomatic 
soybean roots (14, 36). Different Fusarium species have been consistently isolated from 
soybean plants in Iowa fields. Nyvall (36), who conducted a three year study, isolated 
Fusarium spp. from pods, stems and roots from soybean plants collected in nine fields in 
central and north Iowa. In this study, F. oxysporum was the predominant colonizer of roots 
and soil followed by F. solani. One of the most important root rot pathogens of soybean in 
Iowa is Fusarium virguliforme, the cause of sudden death syndrome (SDS), and many studies 
have been done on the biology, epidemiology and cultivar resistance for this disease (16, 33). 
In addition, Diaz et al. (10) recently reported F. proliferatum as a new root rot pathogen of 
soybean after isolates were obtained from soybean roots collected in Iowa and their 
pathogenicity to soybean roots was demonstrated. Although Fusarium root rot has long been 
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known as a common soybean disease, its significance has not been recognized in Iowa, and 
there is a lack of information about the species involved and their abundance and 
geographical distribution around the state. Therefore, the objectives of the present study were 
to: 1) Characterize the diversity and frequency of Fusarium species associated with soybean 
roots in Iowa and 2) Determine the geographic and seasonal distribution of Fusarium species 
in Iowa during vegetative and reproductive stages of soybean growth. 
 
Material and methods  
A study to characterize the distribution and frequency of Fusarium species associated 
with soybean roots was conducted during the 2007, 2008 and 2009 growing seasons across 
the nine Iowa crop reporting districts: North West (NW), North Central (NC), North East 
(NE), West Central (WC), Central (C), East Central (EC), South West (SW), South Central 
(SC) and South East (SE).  
Sample collection 
 In collaboration with 12 Iowa State University extension specialists, soybean roots 
were sampled over the three year period from each of 1-4 arbitrarily selected fields in 98 of 
the 99 Iowa counties (Fig. 1). Ten plants with as much of the root system as possible were 
collected arbitrarily from each field at both V2-V5 and R2-R4 growth stages (18); plants 
were dug and soil was shaken from roots before shipping. Samples were shipped overnight to 
the Iowa State University Plant & Insect Diagnostic Clinic or The Seed Science Center and 
stored at 4 °C until processed. Some fields were sampled only at one growth stage and some 
counties were sampled in more than one year. A total of 101 samples was collected from 57 
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fields in 50 counties in 2007, 77 samples from 40 fields in 40 counties in 2008 and 84 
samples from 43 fields in 40 counties in 2009 (Fig 1). In each field, sampling date, location 
(geographic coordinates) and soybean growth stage were documented. Row spacing and 
tillage type were also recorded in order to determine possible differences in species 
frequency as response to crop production practices.  
Isolation of Fusarium species 
Roots were rinsed under running tap water for 10 min to remove soil and debris from 
the field. Fungi were isolated from symptomatic and asymptomatic roots by excising two 1-
cm -long root pieces from each plant, one from the taproot and one from the lateral root 
tissue. A total of 5,240 root pieces from both symptomatic and asymptomatic roots were 
surface desinfected in 0.5% NaOCl for 2 min, rinsed 3 times in sterile distilled water, and 
blotted dry. Root pieces were embedded in antibiotic-amended Nash-Snyder medium (15g 
peptone, 1g KH2PO4, 0.5g MgSO4*7H2O, 20g agar, 0.75g PCNB, 33mg/ml streptomycin 
sulfate solution, 40 mg/ml neomycin sulfate solution per liter) and incubated at room 
temperature (25°C ± 2°C) for 7 days under fluorescent light. Fusarium colonies were 
transferred into 1.5 ml centrifuge tubes containing potato dextrose broth (PDB) (Difco), 
maintained on a rotary shaker at 200 rpm for 3-5 days to allow colony growth, then stored at 
4ºC for future species identification. 
Fusarium isolates identification  
Ten isolates from each sample from each year were arbitrarily selected and cultured 
for morphological identification. Out of a total of 2,138 isolates (852 isolations in 2007, 547 
in 2008 and 739 in 2009), 1,230 isolates were identified as a Fusarium species based on 
cultural and morphological characteristics. Each Fusarium isolate was transferred from PDB 
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to carnation leaf agar (CLA) (15 g agar, 6g KCL per liter) and antibiotic-amended potato 
dextrose agar (PDA) (33mg/ml streptomycin sulfate solution, 40mg/ml neomycin sulfate 
solution, 39g Difco PDA per liter), and cultures were incubated for 7-20 days at room 
temperature under fluorescent light. Each isolate was examined microscopically and 
identified to species according to the system of Leslie and Summerell (27). Species were 
identified based on the most distinctive morphological characteristics. Main morphological 
characteristics observed were morphology of macroconidia and microconidia, production of 
mesoconidia (e.g F. semitectum), conidial arrangements (singly, false heads and chains), 
nature of the conidiogenous cell that include formation of monophialides (e.g F. oxysporum) 
and polyphialides (e.g. F. proliferatum and F. subglutinans) and length of the conidiogenous 
cell (e.g F. solani vs F. oxysporum); formation and arrangement of chlamydospores (e.g. F. 
equiseti), production and color of sporodochia on CLA, and colony appearance and pigment 
formation in PDA (Fig 2). 
Species identities were confirmed for a subset of 173 isolates by amplification and 
sequencing of the elongation factor 1-α (TEF) gene region. The isolates were selected to 
represent all the distinguishable morphological groups that were observed. All isolates were 
grown on PDA at room temperature for 7 days. The mycelia were harvested by scraping and 
placed into a 1.5ml centrifuge tube, and then each sample was lyophilized for 2 days. 
Genomic DNA was extracted using a modification of the cetyltrimethylammonium bromide 
(CTAB) procedure (19), and DNA was quantified using a spectrophotometer, and then stored 
at -20°C until processed. Primers pairs used for amplification and sequencing were ef1/ef2 
and ef1/ef22 respectively (15, 37). PCR reactions were conducted in 20-μl volumes. Each 
reaction tube contained approximately 1 μl of a 1-ng/μl DNA template, 3.2 μl of 10× 
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Titanium TM Taq buffer (35mM MgCl2), 9.7 μl of sterile distilled water, 2 μl of 2 mM dNTPs, 
2 μl each of forward and reverse primers (2.5µM), and 0.1 μl of DNA Taq polymerase 
(Titanium TM Taq). The thermal cycling parameters were initial denaturation at 94°C for 1 
min followed by 31 cycles consisting of denaturation at 94°C for 30 s, annealing at 50°C for 
45s, and extension at 72°C for 1 min. A final extension at 72°C for 5 min was done at the end 
of the amplification (37, 53). Negative controls (no DNA template) were used in every 
experiment to test for the presence of contamination in reagents. PCR products were purified 
adding 2 µl of ExoSAP-IT reagent (Affymetrix Inc., Cleveland, Ohio) in 5 µl of PCR 
reaction. PCR products were sequenced at the Iowa State University DNA and Sequencing 
Facility. Sequences were submitted for BLAST searches for comparison to known DNA 
sequences in the NCBI and FUSARIUM-ID (http://isolate.fusariumdb.org/index.php) 
databases. 
Data analysis 
 The relative frequency (F) of Fusarium species was evaluated using the formula F= 
(n/N)* 100, where n= the number of isolates of each species and N= the total number of 
isolates of all species (40). Prevalence (P) of Fusarium species was determined as total 
number of fields in which each Fusarium species was present (×100) divided by the total 
number of fields sampled. Incidence (I) was calculated as the total number of root pieces 
from which the Fusarium species were isolated (×100), divided by the total number of 
sampling units (root pieces) assessed (29). Relative frequency and incidence were calculated 
using the total number of isolates and root pieces, respectively, from each field sampled. 
Prevalence was calculated at the field, county and crop district levels for each year. 
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Frequencies of isolation were compared between crop growth stages. In addition, 
frequency and incidence data were compared among fields under different tillage practices 
(conventional till, no till and reduced tillage), and among fields planted with different row 
spacing. In order to determine differences in frequency of isolation and incidence according 
to crop management practices, analysis of variance was conducted using the general linear 
model procedure (PROC GLM) of SAS (SAS Institute Inc., Cary, NC). Means were 
compared using Fisher’s protected least significant difference (LSD) at P=0.05.  
Two species diversity indices were calculated for each Iowa crop district: the 
Shannon index (Shannon & Weaver 1949), which measures proportional species abundance 
(28) by studying how common a particular species is in a given community, and Margalef’s 
richness index, which accounts for situations in which one or a few species are dominant and 
the rest are rare (28).  
 
Results 
Typical symptoms of Fusarium root rot (34) were observed in many of the samples.  
Out of 2,130 isolates obtained from soybean roots over the 3 years of the survey, 1,230 
isolates were identified as a Fusarium based on cultural and morphological characteristics 
(Fig. 2). Fifteen species were identified including F. avenaceum (section Roseum); F. 
graminearum (section Discolor); F. acuminatum, F. armeniacum and F. equiseti (section 
Gibbosum), F. oxysporum (Section Elegans); F. solani and F. virguliforme (section 
Martiella); F. semitectum (section Arthrosporiella); F. sporotrichioides, F. trincitum and F. 
poae (section Sporotrichiella); F. proliferatum, F. subglutinans and F. verticillioides (section 
Liseola), (Fig. 3). Morphological characteristics varied among isolates belonging to same 
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species, particularly for F. oxysporum, F. semitectum, F. armeniacum, and F. solani. Strains 
belonging to the F. oxysporum complex showed the widest variation in culture morphology 
on PDA.  
Frequency of isolation of Fusarium species 
Differences in relative frequency of isolation were observed among species. Overall, 
F. oxysporum had the highest frequency of recovery followed by F. acuminatum and F. 
solani, each ranging from 12 to 37% of the isolates (Fig 3). Other species such as F. 
graminearum, F. proliferatum and F. sporotrichioides represented 1% to 12% of the isolates. 
Species such as F. equiseti, F. virguliforme, F. subglutinans F. verticillioides, F. poae, F. 
armeniacum, F. avenaceum, F. trincitum and F. semitectum were less frequent (<1% - 3% of 
isolates) (Fig. 3). Differences in species frequency were observed among years. For example, 
in 2007 and 2008 F. oxysporum was the most frequently isolated (28% and 30% 
respectively), followed by F. acuminatum (26 and 28% respectively); while in 2009 the most 
frequently isolated species were F. oxysporum (37%) and F. solani (27%). Frequency of 
isolation of F. graminearum was similar in 2007 (12%) and 2009 (8%); however in 2008 a 
low percentage (4%) of isolates was recovered for this species (Fig. 3). 
There were not differences in number of species observed between soybean growth 
stages. However, significant differences in species frequency were observed between 
growing stages (Fig. 4). F. oxysporum was recovered at a higher frequency at vegetative (V) 
growth stages (40%) compared to reproductive (R) growth stages (22%). Conversely, species 
such as F. solani, F. acuminatum, F. graminearum and F. sporotrichioides were more 
frequently recovered at the R stage sampling (29%, 23%, 9% and 5% respectively) than at 
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the V stage sampling (18%, 19%, 6%, and 2%). For other species, such as F. proliferatum, 
there were no differences in frequency of isolation according to growth stage (Fig. 4). 
Fusarium species incidence and prevalence  
Higher prevalence was always associated with higher Fusarium incidence. The 
species that were recovered from the greatest percentage of root pieces (had higher 
incidence), such as F. oxysporum, F. solani, F. acuminatum and F. graminearum, also were 
the most prevalent (recovered from the highest percentage of fields). Other species, such as 
F. equiseti, F. armeniacum, F. virguliforme, F. poae, F. semitectum, F. subglutinans, F. 
avenaceum and F. tricinctum, were recovered from a low percentage of the root pieces and 
low percentage of the fields (Table 1). Among species, F. oxysporum had the highest 
incidence and prevalence at both county and field level; its predominance was constant over 
the three years surveyed, though its incidence in root pieces decreased from 2007 to 2009. 
Species prevalence among fields differed regionally within and among years. No significant 
differences in incidence and frequency of isolations were observed among fields with 
different tillage practices or row spacing (data not shown). 
Fusarium species prevalence was mapped at crop reporting district scale for the 
growing seasons 2007, 2008, and 2009. For the most frequent species identified in this study, 
such as F. oxysporum, F. solani and F. acuminatum, prevalence did not differ among years 
(Fig. 4 and Fig. 5). These species were recovered statewide in each year. For some species, 
such as F. graminearum, F. semitectum, and F. verticillioides, differences in prevalence in 
time and space were observed (Fig. 6 and Fig. 7). Fusarium graminearum was present in all 
districts in 2007, but the fungus was not present in fields sampled from EC, SE and NW 
districts in 2008, neither from and the SE district in 2009. In contrast, prevalence patterns for 
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F. semitectum and F. verticillioides differed drastically in space and in time (Fig. 7). Species 
such as F. tricinctum, F. poae and F. avenaceum were found only in one field within one 
district. It is not possible to establish general conclusions about geographic distribution of 
these occasional species. 
Species diversity 
The number of species per crop reporting district ranged from 2 to11 in 2007, 4 to 9 
in 2008 and 5 to 9 in 2009 (Table 2). Numbers of Fusarium species and values of diversity 
indices were not significantly different among districts. However, significant differences by 
year were observed. For example, significant differences in Shannon index values among 
years (P=0.0002) were detected, with values from 2007 and 2008 significantly higher 
compared 2009. Higher numbers indicate greater diversity. Analysis of variance showed no 
significant differences between districts and among years for Margalef index values. 
 
Discussion 
Some Fusarium species recovered from soybean roots in this study have been 
reported as causal agents of Fusarium root rot in North America; others have only been 
reported as species associated with soybean roots but their pathogenicity has not being 
proven (5, 10, 14, 23, 26, 34, 36, 38 , 54). This study provides the first documentation 
regarding frequency, prevalence and geographic distribution of Fusarium root rot-related 
species among the nine Iowa crop districts. Overall, F. oxysporum, F. acuminatum, F. solani, 
F. graminearum, F. sporotrichioides and F. proliferatum were omnipresent and abundant in 
all nine Iowa crop districts, whereas F. semitectum, F. equiseti, F. subglutinans, F. 
verticillioides, F. armeniacum, F. tricinctum, F. avenaceum, F. virguliforme, and F. poae 
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were less frequently found. In addition, for F. armeniacum, there is no previous evidence in 
the literature of associations with soybean seedlings and soybean roots in the U.S.  
Although most of the species identified in our survey have been reported on soybean 
previously, often as seedling pathogens, some species have not been associated with soybean 
roots at both vegetative (V2-V5) and reproductive plant stages (R1-R3), including F. poae, 
F. avenaceum, F, armeniacum, F. tricinctum, F. subglutinans, F semitectum and F. 
sporotrichioides. In this study, F. oxysporum, F. acuminatum, F. solani and F. graminearum 
differed in frequency of isolation depending on plant stage. F oxysporum was more 
frequently isolated in early stages of the crop, supporting studies that have associated F. 
oxysporum with seedling diseases in soybean (12, 14, 17, 22, 23). In contrast, F. solani was 
more frequently observed at reproductive stages than at vegetative stages, suggesting that the 
F. solani population could increase during the season and that colonization of roots may 
increase with plant growth. These results could lead to new research to determine 
relationships or differences in pathogen population density in soybean roots in response to 
plant development or growth stages.  
According to our observations, no differences in species diversity (Shannon index) 
were observed among crop reporting districts. However, species diversity values in 2007 and 
2008 were significant higher compared with 2009. High Shannon’s diversity index values for 
2007 and 2008 meant all species were equally abundant (28). 
The consistently high incidence and high prevalence of the most frequent species 
found may likely indicate area-specific risk factors are associated with Fusarium root rot 
species in all Iowa districts. Our results also confirm that the diversity of Fusarium species 
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associated with soybean roots is great, and that their frequency of isolation, differed 
regionally within and between years. Possible reasons for these patterns include differences 
in climate and topography, crop management practices and environmental conditions 
possible related to soil types. 
Several studies on distribution of Fusarium spp. around the world suggest that 
climate is a major factor determining the distribution of these fungi in soil (7, 43, 44). One 
possible contributing factor could be interspecific differences in temperature tolerance. 
During the study, average state temperatures in 2007 for May to July ranged from 18.3 to 
23.3°C, and precipitation ranged from 78.2 to 131.1 mm. In 2008, temperature and 
precipitation ranges were 14.4 to 23.3 °C and 139.7 to 211.3 mm, respectively. In contrast, 
average state temperatures in 2009 from May to August were 15.6 to 21.1°C and 
precipitation was 89.7 to 133.8 mm (20). The cool and wet weather pattern in 2008 might 
have favored development of damping off in early in the season that could cause plant 
mortality in Iowa soybean fields. Also the high precipitation and flooding conditions in the 
summer could favor disease development and increase incidence and prevalence values in 
species such as F. oxysporum, F. solani and F. graminearum (Table 1). In contrast, in 2009 
cool temperatures during summer may have influenced the abundance and frequency of 
isolation of some Fusarium species. In 2009, a higher number of species was found 
compared to 2007 and 2008 root surveys, but the frequency of isolation, incidence and 
prevalence of some species decreased significantly.  
Crop management practices such as tillage, plant density and row spacing can be 
valuable methods of disease control (47). However, reports on the effects of tillage practices 
on Fusarium populations are contradictory; tillage may increase (9, 47), decrease, or have no 
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effect on Fusarium populations (48). In our study, there were no differences in Fusarium 
frequency among conventional and no tillage practices. These results disagree with Carroll 
and Leath (9), who measured the effect of tillage practices on Fusarium blight (F. 
oxysporum) of soybeans. The authors obtained greater F. oxysporum populations from no-till 
treatments compared to plants grown with conventional tillage. Row spacing is another crop 
management practice that did not influence Fusarium spp. frequency and incidence in our 
study. Further research, however, might be needed to determine whether there is an effect of 
tillage practices and of row spacing on Fusarium root rot species on soybeans and to better 
understand if root rot disease in soybean could increase under these management practices in 
Iowa fields. 
Using morphological characterization in combination with molecular analysis, we 
documented 15 Fusarium species associated with soybean roots at two soybean growth 
stages. Our results confirm that in Iowa soils, Fusarium root rot is complex and diverse as 
previously recognized Our results also suggest that the number of species associated with 
soybean roots continues to increase. The new information generated in this study on the 
diversity and frequency of Fusarium species associated with soybean roots suggests the need 
to 1) understand the importance of root-infecting Fusarium species on soybean productivity 
in Iowa and 2) test the effectiveness of some management tools, such as seed treatments, to 
control this pathogen complex. 
 
\ 
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Table 1. Incidence and prevalence by field and county of Fusarium species recovered from soybean roots in 2007, 2008 and 2009. 
 
Fusarium spp. 
2007 2008 2009 
Incidence a 
(%) 
Prevalence b 
(%) Incidence (%) Prevalence 
Incidence 
(%) Prevalence County Field County Field County Field 
F. acuminatum 29 84 18 21 70 70 10.5 53 52 
F. armeniacum 0 0 0 3 13 13 0.7 8 7 
F. avenaceum 0 0 0 0 0 0 0.2 3 2 
F. equiseti 1.1 14 13 2 13 13 0.2 3 2 
F. graminearum 13.0 62 50 3 23 23 4.5 38 36 
F. oxysporum 30.0 86 13 23 80 80 21.4 85 82 
F. poae 0 0 0 0 0 0 0.2 3 2 
F. proliferatum 4.0 34 32 5 33 33 0.2 3 2 
F. semitectum 1.0 18 20 1 10 10 0.4 5 5 
F. solani 23.0 80 20 13 63 63 15.8 78 75 
F. sporotrichioides 3.0 28 27 4 20 20 0.9 15 14 
F. subglutinans 1.3 18 14 1 5 5 0.7 8 7 
F. tricintum 0 0 0 0 0 0 0.2 3 2 
F. verticilloides 0.9 10 9 0 0 0 1.1 10 9 
F. virguliforme 0.5 4 4 0 0 0 0.4 3 5 
a Incidence (%):(total number of root pieces from which the particular Fusarium species were isolated/ total number of sampling 
units (root pieces) assessed) x100 
b Prevalence (%): (total number of fields in which each Fusarium species was present/ total number of fields sampled). ×100 
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Table 2. Number of Fusarium isolates, Fusarium species recovered from soybean roots, and diversity model values in nine crop 
districts in Iowa.  
  2007 2008 2009 
Distric
t 
No. 
Specie
s 
No 
Isolate
s 
Species diversity  No. 
Specie
s 
No 
Isolate
s 
Species diversity  No. 
Specie
s 
No 
Isolate
s 
Species diversity  
Shanno
n Indexa 
Margale
f Indexb 
Shanno
n index 
Margale
f 
 index 
Shanno
n index 
Margale
f index 
C 7 93 1.45 1.32 9 25 1.77 2.48 9 51 1.21 2.03 
EC 6 77 1.67 1.61 7 32 1.79 1.73 8 35 1.13 1.97 
WC 9 69 1.58 1.68 6 40 1.36 1.35 8 19 1.11 2.38 
NC 3 42 1.30 0.80 4 31 1.24 0.87 7 33 1.08 1.72 
NE 11 116 1.78 2.10 8 23 1.62 2.23 6 24 0.89 1.57 
NW 8 121 1.70 1.61 8 45 1.8 1.77 6 31 1.11 1.46 
SE 9 64 1.30 1.92 6 14 1.71 1.89 5 19 1.17 1.36 
SW 8 50 1.49 1.79 5 36 0.89 1.12 5 27 0.99 1.21 
SC 7 32 1.72 2.00 6 30 1.47 1.47 5 21 1.19 1.31 
a  Shannon-Wiener Index (H’): Shannon Index incorporates species richness with the estimated proportion of individuals of a given species to 
the total number of individuals in the district (relative abundance) . 
b  Margalef’s Index (MI): is derived using a combination of the number of species derived and the total number of individuals summed over all 
specie.
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Figure 1. Location of 140 soybean fields surveyed in 98 Iowa counties during 2007 (red), 2008 (blue) and 2009 (black). Counties 
without dots GPS coordinates were not available.  
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Figure 2. Reproductive structures and colony appearance on PDA medium 13 Fusarium 
species associated with soybean roots in Iowa: 1.1 F. acuminatum colony, 1.2. F. 
acuminatum macroconidia, 2.1. F. armeniacum colony, 2.2. F. armeniacum macroconidia, 
3.1. F. equiseti chlamydospores, 3.2. F. equiseti macroconidia, 3.3. F. equiseti colony, 4.1. F. 
oxysporum colony, F. oxysporum macroconidia in a short monophialides, 5.1 F. 
verticillioides colony, 5.2. F. verticillioides microconidia in long chains, 6.1. F. virguliforme 
conida, 6.2. F. virguliforme colony, 7.1. F. semitectum mesoconidia, 7.2. F. semitectum 
colony, 8.1. F. graminearum macroconidia, 8.2. F. graminearum colony, 9.1.  F. 
subglutinans colony, 9.2. F. subglutinans microconidia in false heads, 10.1. F. poae colony, 
10.2. F. poae microconidia, 11.1. F. solani macroconidia, 11.2. F. solani colony, 12.1 F. 
sporotrichioides colony, 12.2. F. sporotrichioides microconidia, 13.1. F. proliferatum 
microconidia in false heads, 13.2. F. proliferatum colony. 
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Figure 3. Frequency of isolation (%) of Fusarium species from soybean roots in Iowa in 
2007, 2008 and 2009.  
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Figure  4. Frequency (%) of isolation of Fusarium species recovered from soybean root at 
two plant stages, V2-V5 and R2-R4 from 2007 to 2009. Frequency by year by stage is 
illustrated in Appendix 1.
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Figure 5. Prevalence (%) in time and space of F. acuminatum and F. solani species associated with soybean in nine crop reporting 
districts in Iowa in 2007, 2008 and 2009. 
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Figure 6. Prevalence (%) in time and space of F. graminearum and F. oxysporum species associated with soybean in nine crop 
reporting districts in Iowa in 2007, 2008 and 2009. 
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Figure 10. Prevalence (%) in time and specie of less frequent Fusarium species recovered from soybean root in nine crop reporting 
districts in Iowa in 2007, 2008 and 2009.
64 
 
 
 
 
 
 
CHAPTER 3. 
 AGRESSIVENESS OF FUSARIUM SPECIES AND IMPACT OF ROOT 
INFECTION ON GROWTH AND YIELD OF SOYBEANS  
 
A paper to be submitted to the journal Phytopathology 
 
Maria Mercedes Díaz Arias, Leonor F. Leandro and Gary P. Munkvold. Department of Plant 
Pathology and Microbiology, Iowa State University, Ames 50011. 
 
Abstract  
Fusarium is a common and widespread genus of soil borne fungi that can cause 
damping off and root diseases in soybean. Several species of Fusarium have been reported to 
infect soybean roots but their relative aggressiveness and overall impact on yield are unclear. 
Greenhouse and microplot field experiments were conducted to determine aggressiveness of 
nine Fusarium spp. In the greenhouse, soybean seeds of cultivar AG2403 were planted in 
autoclaved soil infested with each isolate and plants were grown to stage V3, when root rot 
severity and shoot and root dry weights were measured. Field experiments were conducted at 
Iowa State University research farms from 2008 to 2010 using 19 of the 50 isolates. Soil in 
field microplots was infested each year. Root rot severity, and root and shoot dry weights 
were measured at soybean growth stage R1, and yield was measured at maturity. For all 
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experiments, root systems were scanned and digital image analysis was conducted using 
WinRhizo software. In the greenhouse, differences in aggressiveness were found among 
Fusarium species and isolates, with F. graminearum causing the most severe root rot and 
detrimental effects on root system morphology, followed by F. virguliforme and F. 
proliferatum. Significant variation in aggressiveness was observed among F. oxysporum 
isolates; some caused severe damping off. Detrimental effects on root system morphological 
characteristics were observed for all isolates. Reductions in root length and surface area were 
more consistent indicators of aggressiveness than root rot. In the field microplots, low root 
rot severity was observed. Overall, mean soybean yield was not significantly reduced by the 
Fusarium species, but regression analysis showed significant relationships between yield and 
root rot and root system morphological characteristics. Results indicate that Fusarium isolates 
vary in how they case disease; some isolates cause yield loss probably as a result of root rot, 
while others may cause root rot symptoms without affecting yield. In general, root system 
morphological characteristics were more consistent indicators of yield loss than root rot 
severity. This study provides the most comprehensive characterization of aggressiveness and 
yield impact of Fusarium root rot species on soybean in both seedling and reproductive 
growth stages in Iowa conducted up to date. 
 
Introduction 
Fusarium species are well recognized as pathogens of soybeans, including F. 
oxysporum causing Fusarium wilt, F. virguliforme causing sudden death syndrome (SDS), 
and several species causing damping off and Fusarium root rot (2, 17, 21,53). At least 18 
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Fusarium species have been isolated from soybean roots (4, 5, 11, 12, 21, 26, 29, 32, 37, 46, 
47, 51, 62). Among these species and diseases they cause, the economic impact is widely 
recognized only for SDS and damping off. In general, economic impacts of Fusarium wilt 
and root rot have not been documented.  
Fusarium root rot is estimated to affect soybeans across a geographic area covering 
more than 1,900 km N-S and 1,600 km E-W (66). Although Fusarium root rot is common 
and widespread, its yield impact has been difficult to quantify because the disease often 
occurs in combination with other pathogens and/or interaction with plant health related 
problems. Also since symptoms are present below-ground, this adds to the difficultly in 
trying to in distinguish root damage from other root rots pathogens (28).  
Members of the F. oxysporum complex and the F. solani complex are generally 
reported to be the major species causing root rot in soybean, but other species may also be 
pathogenic (2, 14, 15, 45, 47). Previous studies on occurrence, pathogenicity and cultivar 
resistance for these two species complexes (9, 17, 44, 60) have been inconclusive. In 1963, 
French and Kennedy (17) isolated F. solani isolates from soybean roots, but concluded that 
these isolates were not pathogenic on soybean. In contrast, other studies report that F. solani 
caused root rot symptoms in soybean seedlings, reducing seedling emergence and seed yield, 
under greenhouse and field conditions (27). F. oxysporum is associated with the Fusarium 
root rot complex and can cause a range of symptoms including wilt, root rot, cortical decay 
and vascular discoloration. Pathogenicity, however, has not always been demonstrated due to 
significant variation among strains in this complex (2, 12, 14, 15). More recently, other 
Fusarium species, such as F. graminearum, F. pseudograminearum, F. redolens and F. 
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proliferatum, have been reported as pathogenic to soybean, causing root rot on seedlings and 
older plants (5, 6, 11, 50, 58). 
Few published reports have estimated yield impact of Fusarium root rot in soybean. 
In a study conducted in Delaware by Leath and Carroll (31), two soybean cultivars 
susceptible to Fusarium root rot suffered 47.6% and 55.6% in yield losses after inoculation 
with F. oxysporum. According to Wrather et al. (55, 56, 59), average soybean yield losses to 
Fusarium diseases in the U.S. from 1994-2010 were estimated at approximately 36.2 million 
bushels /year, mostly due to SDS. Fusarium root rot average losses were estimated at 6.63 
million bushels /year. This estimate does not include the role of Fusarium species in seedling 
diseases, which were estimated to cause average losses of 34.3 million bushels /year over the 
same time period. However, the portion of seedling disease losses that could be attributed to 
Fusarium species is not agreed upon, with some reports indicating that Fusarium species are 
the primary seedling pathogen, while others indicate that Pythium and Rhizoctonia are the 
primary pathogens (19, 51).  
In order to increase understanding of the importance of root-infecting Fusarium 
species on soybean productivity, greenhouse and field experiments were conducted in Iowa. 
The objectives of this study were to i) determine aggressiveness of predominant Iowa 
Fusarium species in causing soybean root rot in greenhouse conditions, and ii) estimate 
effects of root infection by Fusarium species on soybean growth and yield in the field 
conditions. 
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Material and methods 
Greenhouse experiments and microplot field experiments were established during 
three years, from 2008 to 2010, at the Iowa State University (ISU) Department of Plant 
Pathology and Microbiology greenhouse facilities in Ames, IA. Field experiments were 
established in two field locations near Ames, in Story Co., IA. 
Fusarium isolates identification 
Fusarium isolates used in the study (Table 1) were obtained from soybean root 
samples collected during a 2007 survey of Iowa fields. The isolates represent the range of 
species recovered and reflect the frequency of isolation of the most common species (10, 11). 
Isolates were recovered from soybean roots by culturing root pieces on Nash Snyder artificial 
medium, which is semi-selective for Fusarium spp (42). Putative Fusarium colonies were 
transferred to sterile potato dextrose broth (PDB) (Difco) in 1.5-ml centrifuge tubes and 
stored at 4ºC for more than one year to conduct isolate future identification. Single-spore 
isolates of Fusarium were grown for 7-20 days at room temperature (25 ºC ± 2 ºC) under 
fluorescent light on carnation leaf agar (CLA) (15 g agar, 6g KCL per liter) and antibiotic-
amended potato dextrose agar (PDA) (33mg/ml streptomycin sulfate solution, 40mg/ml 
neomycin sulfate solution, 39g Difco PDA per liter). Each isolate was examined 
microscopically and identified to species following to the system of Leslie and Summerell 
(33).  
Species identity was confirmed by amplifying and sequencing the elongation factor 1-
α (TEF) gene region using primer pairs ef1/ef2 and ef1/ef22 respectively (18, 48). Cultures 
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used for sequencing were grown on PDA at room temperature for 7 days. The mycelia were 
harvested by scraping the culture and were placed into a 1.5ml centrifuge tube, and then each 
sample was lyophilized for 2 days. Genomic DNA was extracted using a modification of the 
cetyltrimethylammonium bromide (CTAB) procedure (24). DNA was quantified using a 
spectrophotometer and stored at -20°C until processing. PCR products were sequenced at the 
ISU Office of Biotechnology DNA Facility. Sequences were submitted for BLAST searches 
for comparison to known DNA sequences in the NCBI and FUSARIUM-ID 
(http://isolate.fusariumdb.org/index.php) databases. 
Greenhouse experiments 
To compare aggressiveness of the most common species recovered from soybean 
roots during the 2007 Iowa survey, 50 Fusarium isolates (Table 1) were used in greenhouse 
assays.  
Inoculum preparation 
  Each isolate was grown on potato dextrose agar (PDA) for 10 days at room 
temperature (25 ± 2oC) under 24 h fluorescent lights. Spore suspensions for inoculation were 
prepared by flooding cultures with sterile distilled water, dislodging conidia with a 
disposable hockey stick afterwards, filtering through sterile cheese cloth to avoid agar 
residues, and adding water to obtain a final volume of 100 ml. Spores were counted on a 
hematocytometer, then spore concentration was adjusted to 106 conidia /ml by adding sterile 
distilled water. Sterile distilled water was used as a control. Inoculum of each Fusarium 
isolate was prepared by adding 2 ml of spore suspension into a bag containing previously 
autoclaved sand-soil mixture (380 ml of cornmeal, 1,900 ml of sand and 110 ml distilled 
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water) (40). Inoculum was then incubated for 6 days at room temperature in the dark, and 
mixed every day. At planting, autoclaved sand-soil mixture (1 part soil: 2 parts sand) was 
mixed with fungal inoculum at a ratio (by volume) of 1 part fungal inoculum to 3 parts of 
sand-soil mixture. Cones (150 ml) were filled with the mixture. Non-inoculated control 
plants were grown in autoclaved sand-field soil amended with sterile cornmeal-sand mix. 
Plant material: Seeds of soybean cv. AG2403 (SDS- susceptible) (Monsanto Co., St. Louis, 
MO) were surface disinfested in 1% sodium hypochlorite for 2 min, and rinsed twice for 2 
min in sterile-distilled water before planting. Three seeds were planted into sand soil mixture 
amended with fungal inoculum in cones and thinned to 1 plant per cone after emergence. 
Experimental design 
The experiment was conducted four times. The experiment was arranged in a 
completely randomized design (CRD) with five replicates. Each replicate consisted of single 
plant in a cone per isolate. Soil temperature in the greenhouse experiments was maintained at 
18°C ± 1ºC by placing cones in water baths, inside buckets filled with sand. Greenhouse air 
temperature was maintained at 23°C ± 5ºC. Natural light was supplemented with High 
Pressure Sodium Grow Lights (400 watts) set for a photoperiod of 14 h light day. Plants were 
watered daily with approximately 100 ml of tap water.  
Disease assessments 
At soybean growth stage V3, plants were removed from cones and the roots were 
washed under a stream of tap water. Root rot severity was assessed using a visual scale as the 
percentage (0-100%) of root area showing brown or black discoloration. Percentage of 
seedling mortality due to damping off was also documented. Mortality (%) was evaluated as 
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the total number of dead seedlings, divided by total number of sampling units (total number 
of plants). After each root was evaluated for disease severity, fresh roots were scanned using 
a flatbed scanner (Epson Perfection V700 photo) and image analysis was conducted with the 
software WinRhizo 2008 (Regent Instruments Inc., Quebec, Canada) in order to determine 
the effect of Fusarium isolates on root growth and root system structure. Image analysis 
provided estimates of root length, surface area, root volume (Appendix 1), root diameter, and 
number of root tips, crossing and forks of the root system of each individual plant. Fusarium 
isolates were reisolated from symptomatic root tissue of inoculated plants in order to confirm 
infection resulting from the inoculated species. Shoot and root dry weights were measured 
for each plant after oven drying at 80ºC for 24h. 
Data analysis 
The normal and homogeneous distribution of residuals was examined using SAS 
PROC PLOT. Analysis of variance (ANOVA) was conducted using PROC GLIMMIX of 
SAS, version 9.2. Differences among species averaged over isolates were estimated using 
Tukey-Kramer’s test. Differences among isolates were tested separately for each species; 
means from inoculated treatments (isolates) were compared against the non-inoculated 
treatment using Dunnett’s t test, and among each other using Tukey-Kramer’s test. 
Treatments (species and isolates) were considered significantly different if P ≤ 0.05. 
Microplot field experiments 
Microplot experiments were established at ISU research farms in Story Co., IA, from 
2008 to 2010. Three experiments were conducted in two locations to estimate the effects of 
root infection by Fusarium species on soybean growth and yield in the field (Table 1). 
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Fungal inoculum preparation and infestation 
Inoculum was prepared using a modification of the protocol described by Hartman et 
al (20). The same inoculum and inoculation procedures were used for all three experiments. 
Sorghum grain was washed in tap water 3 times and soaked overnight in hot tap water. After 
draining excess water, 750 ml of sorghum grain was placed in 1 liter mason jars and 
autoclaved for 60 min at 121oC on two consecutive days. After cooling, each jar was 
inoculated with twelve 4 mm-diameter plugs of 10-day old cultures of a single Fusarium 
isolate grown on potato dextrose agar. Jars were then shaken every day for approximately 
one minute and incubated under constant fluorescent light at room temperature (25 ± 2oC) 
(39) during 2 to3 weeks. The colonized sorghum grain was then dried under a laminar flow 
hood for 1 to 2 days, sieved (#5 mesh sieve) in order to break up clumps, and then weighed 
and stored in bags at 4C for 2 weeks. To infest the soil, a trench was dug in each microplot, 
inoculum was placed 7.5 cm deep, mixed with field soil by hand throughout the plot, and 
then covered with remaining soil. Each plot was infested with 350g of colonized sorghum 
grain at Horticulture Farm and 1000 g on plots at Hinds Farm, amounts calculated depending 
of plot sized and number of rows per plot. 
Experiment 1: Horticulture farm 
The study was conducted from 2008 to 2010 at ISU Horticulture Farm located near 
Gilbert, Iowa (Story Co.). The experiment was established in a site maintained with grass for 
at least 20 years in order to avoid presence of naturally occurring, soybean infecting 
Fusarium species. The field was moldboard plowed and disked before planting. The 
experiment was planted on June 13th in 2008, on May 14th in 2009 and on May 18th in 2010. 
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Microplots consisted of rectangular (0.762m x 0.483m) plots containing a single row of 20 
soybean plants planted at 19.1 cm apart of Pioneer cv. 92M02 (Pioneer Hi-Bred Int., Inc., 
Des Moines, IA) in 2008 and AG2403 (Monsanto Co., St. Louis, MO) in 2009 and 2010. 
Soybean seeds were treated with Bradyrhizobium japonicum to stimulate nodulation in all 
three experiments. Five replicate plots per isolate were established. A total of 4 isolates 
representing the most frequent four Fusarium species (F. oxysporum, F. solani, F. 
graminearum, F. acuminatum) from a previous study (Diaz Arias unpublished data), were 
included in this experiment and there was a non-inoculated control treatment. Plots were 
infested every year with the same isolate of Fusarium. At growth stage R1, a subsample of 
four soybean plants was removed from each microplot to evaluate root rot severity, and root 
and shoot dry weight, as described above. One extra plant was removed from each plot from 
each experiment to re-isolate Fusarium spp. infested. Four symptomatic root pieces from 
these plants were cultured on Nash Snyder in order to confirm infection by the appropriate 
isolate.  
The effects of Fusarium isolates on root growth and structure were evaluated using 
image analysis by WinRhizo software only in the 2009 and 2010 trials. At harvest time, yield 
(g/plot), seed moisture content (%) and seed size (# seed kg-1) were measured.  
Seed yield was obtained by harvesting plants by hand at maturity by cutting the 
stems. Mature plant roots were left in the ground with the purpose of maintaining crop 
residues that could favor fungi survival for the next year. A small-plot combine was used to 
thresh soybean samples and obtain seed weight per plot. Final yield was adjusted to 13% 
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moisture. Seed size was calculated using the total weight of seed harvested per plot and the 
total weight of a subsample of 100 seeds.  
Experiment 2: Horticulture farm 
A second experiment was also conducted from 2008 to 2010 at the ISU Horticulture 
Farm located near Gilbert, Iowa (Story Co.). The study was established in a turf site with no 
history of soybean planting, adjacent to experiment 1. Prior to planting in 2008, the field was 
moldboard plowed and disked, and on May 28th the soil in the entire experimental area was 
fumigated with Vapam® HL [42% of Sodium methyldithiocarbamate (4.26lbs Metam 
Sodium/gallon)], applied at a rate of 358 kg a.i. ha−1 at 10.2-cm depth, in order to reduce the 
existing population of Fusarium species in the soil. In 2009 and 2010 soil was not fumigated 
in order to avoid planting delays. 
Microplots consisted of rectangular (0.762m x 0.483m) plots containing a single row 
of soybean plants of Pioneer cv. 92M02 (Pioneer Hi-Bred Int., Inc., Des Moines, IA) in 2008, 
and AG2403 (Monsanto Co., St. Louis, MO) in 2009 and 2010. The experiment was planted 
on June 13, May 14, and May 18, in 2008, 2009, and 2010, respectively. Nineteen Fusarium 
isolates from seven Fusarium species (F. solani, F. oxysporum, F. acuminatum, F. 
graminearum, F. sporotrichioides, F. semitectum and F. equiseti) and a non-inoculated 
control treatment were tested. Each plot was infested with the same Fusarium isolate every 
year. Experimental design, number of replicate plots per isolate, number of seeds planted and 
disease and yield assessments were the same as in experiment 1. 
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Experiment 3: Hinds Farm 
The experiment was conducted in 2009 and 2010 at the ISU Hinds Research Farm 
near Ames, IA (Story Co.). The study was established in a site with no history of soybean 
planting for at least 5 years; being the previous crop was a forage grass mixture. The 
experiment was planted on May 22 in 2009 and on May 20 in 2010. Nine Fusarium isolates 
from seven Fusarium species (F. solani, F. oxysporum, F. acuminatum, F. graminearum, F. 
sporotrichioides, F. semitectum and F. equiseti) and a non-inoculated control were used. 
 Every year, the soil in each 1x1 m plot was infested with the same isolate exactly in 
the same location, and two rows of 56 soybean plants (cv. AG2403) were planted 19.1 cm 
apart. Ten replicate plots per isolate were established. At growth stage R1, a subsample of 10 
soybean plants were removed from each plot. Five plants from one end of each row per plot 
were collected. Root rot, root growth and yield were assessed as described above. 
Data analysis 
For the three experiments, treatments were assigned to plots in a randomized 
complete block design. The normal and homogeneous distribution of residuals was examined 
using SAS PROC PLOT. The two or three years of measurements were treated as repeated 
observations on the same plots and analyzed using SAS PROC GLIMMIX with a normal 
distribution. A preliminary analysis including treatment x year interaction as a fixed effect 
was conducted. When this interaction was not significant, the treatment main effects were 
compared. This averages the data collected in the three or two years in experiments 1 and 2 
and 3 respectively. For experiment 1, the treatment by year interactions were not significant 
(P > 0.05) for disease severity, root dry weight, yield, root volume and diameter. For root 
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growth characteristics, such as total root length, surface area, and number of tips, forks and 
crossings, treatment by year interactions were significant (P ≤ 0.05); therefore each year was 
analyzed separately. For experiment 2, treatment by year interactions were not significant for 
all variables, so treatment effects were tested for all years combined. For experiment 3, 
treatment by year interactions were not significant for root rot severity, root and shoot dry 
weight, root length and number of tips, but interactions were significant for all other root 
growth characteristics measured; therefore, treatment effects were tested separately within 
each year. Pairwise differences among treatment means were compared using the Tukey-
Kramer test and considered significantly different if P ≤ 0.05. In addition, Dunnett’s t test 
was used to compare means from inoculated treatments against the non-inoculated treatment. 
SAS PROC CORR was used to calculate simple phenotypic correlation coefficients 
among variables. Correlation analysis was performed first by experiment and then pooling all 
data from the three experiments together. Simple linear regression analysis was performed 
separately for each Fusarium isolate to measure the linear association that best predicts the 
yield loss from root rot severity and root morphological characteristics.  
 
 
Results 
Greenhouse experiments 
Greenhouse experiments were conducted to compare aggressiveness of 50 Fusarium 
isolates representing nine Fusarium species. In general, Fusarium species differed in their 
aggressiveness on soybean (Fig. 1). Root rot severity as determined by visual scale from 0 to 
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100%, differed among species, F. graminearum caused the most severe root rot, followed by 
F. virguliforme, F. proliferatum, F. sporotrichioides and F. solani. Root rot severity caused 
by F. oxysporum and F. equiseti did not differ significantly from the non-inoculated control. 
However, all species with exception of F. semitectum, caused significant detrimental effects 
in root dry weight (P=0.0001), shoot dry weight (P<0.0001), and root morphological 
characteristics (P=0.002- P<0.0001) compared to the control (Fig. 1).  
Significant variation in aggressiveness was observed among Fusarium isolates (Fig. 
2). Analysis of variance showed significant treatment effects (P< 0.0001) for all root 
variables measured. Fusarium graminearum isolate FG5 was the most aggressive isolate, 
causing 96 % root rot severity and significant detrimental effects on all root morphological 
characteristics, followed by Fusarium virguliforme FV24 (Fig. 2). Significant variation in 
aggressiveness compared to the control was also observed among isolates within the F. 
oxysporum, F. solani, F. acuminatum, F. semitectum and F. equiseti species. Among the 14 
F. oxysporum isolates tested, only one isolate differed significantly in root rot severity from 
the non-inoculated control (Fig. 2). However, a detrimental effect on root development 
characteristics was observed for all Fusarium oxysporum isolates. Significant reductions 
were observed in root and shoot dry weight, total root length, root surface area, total root 
volume, and in the number of tips, crossings and forks when plants were inoculated with F. 
oxysporum isolates compared to the non-inoculated treatment. Similar results were also 
observed with the F. acuminatum isolates (Appendix 5). Reductions in total root length and 
total root surface were more consistent indicators of aggressiveness than root rot severity 
(Fig. 2). In general, mean root diameter was not significantly affected by Fusarium infection 
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except for the most aggressive isolates F. graminearum FG5 and F. virguliforme FV24, 
where mean root diameter was significantly higher (fewer small-diameter roots) than non-
inoculated controls (Appendix 5) . Each species was reisolated from inoculated, symptomatic 
plants, thus offering proof of pathogenicity by compliance with Koch’s postulates. 
Seedling mortality was observed in all experimental runs for several of the isolates 
tested. Fusarium oxysporum isolates caused the most severe damping off symptoms, 
followed by F. proliferatum. Isolates such as F. oxysporum FO45 and F. proliferatun FP35 
killed on average, 75% and 70%, of the plants, respectively (Fig. 3). 
Microplot field experiments 
Experiment 1. Fusarium isolates differed significantly in their ability to cause root 
rot in the field. Analysis of variance indicated significant differences among isolates 
(P=0.0228) in root rot severity, but this high percentage of  root rot severity was only 
significant for F. oxysporum FO39 isolate and F. graminearum FG1 isolate compared with 
the non-inoculated control treatment. Inoculation with Fusarium isolates did not affect shoot 
dry weight neither root dry weight. No differences in yield or seed size were found among 
isolates. However, differences in root morphological characteristics were indeed observed. 
Fusarium inoculation affected root surface area, length, number of tips, crossings and forks, 
although the effects varied among years. The same Fusarium species used for inoculation 
was recovered 80-90 % of the time from symptomatic root pieces of an arbitrarily selected 
plant from each plot; the remaining 10-20 % corresponded to other Fusarium spp., 
Trichoderma spp. and Penicillium spp.  
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Experiment 2. Significant differences in root rot severity (P<0.0345), root dry weight 
(P<0.0226); root length P<0.0002), surface area (P<0.0037), root volume (P<0.0450) and 
number of tips (P<0.0005), forks (P<0.0009) and crossings (P<0.0009) were found among 
treatments (data not shown). However, none of the isolates showed significant detrimental 
effects on root structure compared with the non-inoculated control treatment. Isolations made 
from arbitrarily selected plants resulted in 100% recovery of the same Fusarium species used 
for inoculation of the plots in 2008, and 80% to 95% recovery in 2009 and 2010 respectively.  
Experiment 3. No significant treatment effects were found for yield, seed size, seed 
moisture and shoot and root dry weight in the two years of the experiment. However, 
inoculation with Fusarium isolates had an effect on root rot severity (P<0.0357). Dunnett’s t 
test showed that increases in root rot severity occurred only for roots infested with F. solani 
FS7 and F. equiseti FE25 compared with the non-inoculated control (Fig. 4A). Root length 
differed among treatments, but a significant reduction was only observed for F. solani FS9, 
F. oxysporum FO39 and F. sporotrichioides FSP31 compared with the non-inoculated 
control (Fig. 4B). Significant effects were observed in the number of tips for isolates F. 
sporotrichioides FSP31, F. solani FS9 and F. semitectum FSE51 (Fig. 4C).  
Fusarium inoculation also affected root surface area, root diameter, number of 
crossings and forks depending of the year sampled (data not shown). For example, isolate 
effects were not significant for root surface area when the two years were combined. 
However, in 2010 alone, plants infested with isolates FS9, FO39, FO47, FG1, FSE51 and 
FSP31 showed a detrimental effect on root surface area when compared with the non-
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inoculated control. The species used for inoculation were recovered from 60 to 70% of the 
sampled root pieces.  
Regression analysis 
In the microplot experiment, mean yield per plot did not differ significantly among 
Fusarium isolates. Nevertheless, significant relationships were found between root 
characteristics (root rot severity, dry weight, root structure) and yield for some of the 
Fusarium isolates tested at the three experiments.  
In experiment 1, regression analysis conducted for F. graminearum isolate FG1 
showed that the relationship between root severity and yield (R2=0.6671, P=0.2081) was not 
significant, but there was a significant positive relationship between mean root diameter 
(R2=0.960, P=0.0034) and yield (Fig. 5). Moreover, F. acuminatum FA16 showed a 
significant positive relationship between shoot dry weight and yield (R2=0.986, P=0.0068). 
No significant relationships were found between yield and other variables measured for the 
rest of the isolates tested. 
In experiment 2, significant relationships were found for several isolates between root 
rot severity and root development characteristics with yield; the coefficient of determination 
(R2) for these relationships varied from 0.658 to 0.996. F. acuminatum FA18 showed the 
strongest relationship between root rot and yield loss, follow by F. solani FS7, F. oxysporum 
FO43, F. graminearum FG5 and F. sporotrichioides FSP31, all of which showed significant 
negative relationships between root rot and yield (Fig. 5). Other Fusarium isolates did not 
show a significant relationship between root rot severity and yield, but other root 
characteristics were better yield predictors. For example, F. solani FS11, showed a strong 
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positive relationship between total root length and yield, with root length explaining 93.72% 
of the variation in yield. The same result was observed for F. oxysporum FO39 and F. 
acuminatum FA18 in terms of root surface area and root dry weight, respectively (Fig. 5). In 
addition, isolates such as F. oxysporum FO38 and F. graminearum FG5 showed a significant 
relationship between all root morphological characteristics with yield, except with diameter 
(data not shown).  
In experiment 3, significant relationships between yield and root rot severity, number 
of tips and root surface area were observed for four of the ten Fusarium isolates tested (data 
not shown). F. equiseti FE25 isolate showed a significant negative relationship between root 
rot severity and yield (R2=0.494, P=0.0234). In addition, isolates F. solani FS7 (P=0.0093) 
and F. graminearum FG1 (P=0.0237) presented significant relationships between number of 
tips and yield, with number of tips explaining 64.29% and 54.21% of the variation in yield 
respectively. Furthermore, isolate F. oxysporum FO39 showed a significant relationship 
between root surface area and yield (R2=0.427, P=0.0403). No significant relationships were 
found between yield and other variables measured other isolates tested.  
Pearson’s correlation 
Combined data for the three experiments showed significant negative correlations 
between root rot severity and yield (r= -0.354, P<0.0001), seed size (r=-0.440, P<0.0001), 
shoot (r=-0.261, P=0.0001) and root dry weigh (r=-0.197, P=0.0002), root surface area (r=-
0.147, P=0.0021), diameter (r=-0.258, P<0.0001) , and volume (r=-0.250, P<0.0001), but a 
positive correlation with number of forks and crossings was observed (Table 2). 
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Yield was negatively correlated with several of the root morphological 
characteristics. Significant negative correlations were observed with root length, surface area, 
number of forks and crossings, and a positive correlation was observed with root diameter. 
Correlations among all root characteristics measured were positive, except for mean diameter 
which was negatively correlated with number of forks, tips and crossings (Table 2). Analysis 
by experiment showed no consistent correlation between yield and root rot severity and other 
root characteristics, except for experiment 3, where yield was negatively correlated with root 
rot severity (r=-0.701, P<0.0001). There were also negative correlations between root rot 
severity and root dry weight (r=-0.138, P=0.050), number of seeds (r=-0.701, P<0.0001), 
root volume (r=-0.538, P<0.0001), and negative correlation with root diameter (r= -0.674, 
P<0.0001) (Appendix 6). For experiment 2, there was a strong positive correlation between 
yield and seed size (r= 0.99, P=<0.0001) and yield was positively correlated with root length, 
surface area, diameter, volume and number of forks and tips. Root rot severity was 
negatively correlated with root dry weight and shoot dry weight as expected (Appendix 6). 
 
Discussion 
In this study, nine Fusarium species were shown to be aggressive on soybean during 
both vegetative and reproductive plant stages in greenhouse and field conditions. Infection by 
all Fusarium species resulted in root rot and physical changes in root morphological 
characteristics, with some species and isolates being more aggressive than others. 
Furthermore, significant linear regression between yield and root health indicators suggested 
potential yield reductions due to infection by some Fusarium isolates. 
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Greenhouse data on the soybean cultivar tested (AG2403) provided new information 
on the relative aggressiveness of Fusarium species at the V3 vegetative growth stage. Root 
rot severity differed among Fusarium species and isolates, with F. graminearum isolates 
causing the most severe root rot symptoms, followed by F. virguliforme, F. proliferatum, F. 
sporotrichioides and F. solani isolates. Severe root rot observed in plants inoculated with F. 
graminearum and F. virguliforme agrees with previous studies that also demonstrated 
pathogenicity of these two Fusarium species on soybean plants (6, 13, 52, 53, 58).In the 
study reported herein, both pathogens infected soybean roots, causing a light brown to black 
discoloration and a reduction in root tissues and reduction in shoot mass, root length, volume, 
number of tips, crossings and forks. In addition, these species caused increase in average root 
diameter, as a result of fewer small-diameter roots in the complete root system. Infection by 
other Fusarium species also caused detrimental changes on root morphological 
characteristics, particularly root vigor and architecture. The negative effects resulted in poor 
plant development that could have been caused by reduction in physical support, nodulation, 
adsorption and movement of water and nutrients from the soil to the entire plant , as it has 
been previously suggested (1, 3, 8, 22).  
Significant variation in aggressiveness was observed among F. oxysporum isolates, 
some of which caused severe damping off. In contrast, F. solani caused little or no damping 
off in this study. F. oxysporum and F. solani are widely reported as the most frequently 
isolated species on soybean roots, hypocotyl, and cotyledon tissues of seedlings (14, 16, 19, 
25, 26). The high incidence of damping off in this study is consistent with work by Farias 
and Griffin (14) who reported that F. oxysporum was primarily isolated from diseased 
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cotyledons and F. solani from roots of seedlings grown in naturally infested soil under 
greenhouse conditions. These observations would indicate that F. oxysporum may be more 
important as a pathogen on cotyledons, and F. solani more important as a root pathogen. The 
authors’ finding contributes to explain the results from our study, where the high percentage 
of seedling mortality was due to the presence of F. oxysporum.  
In addition to differences in aggressiveness, Fusarium isolates within a species also 
had variation in culture morphology, growth rate and spore production when cultured on 
PDA medium. The association between colony morphology and isolate aggressiveness was 
beyond the scope of this study. The observations suggest future work addressing associations 
between isolate aggressiveness, morphology and genetic diversity may provide important 
information on the biology and epidemiology on Fusarium root rot species on soybean. 
Damping off was also observed on plants inoculated with F. proliferatum. Isolates of 
F. proliferatum produced high seedling mortality, suggesting the potential importance of F. 
proliferatum as another seedling pathogen in Iowa soybeans. In corn, F. proliferatum is well 
known as part of the fungi complex infecting and causing seedling diseases such as seedling 
blight and later in the growing season stalk and ear rots in maize (Zea mays L.) (40,41). For 
soybeans, the species was recently reported as a new root rot pathogen after isolates were 
identified from a recent soybean root survey conducted in Iowa (10, 11) and their 
pathogenicity to soybean roots was shown in greenhouse conditions (11) (Appendix 4). 
Results from the survey work and those from this study confirmed F. proliferatum has a wide 
host range that now also includes the soybean plants.   
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High percentage of root rot severity and detrimental effect on root morphological 
characteristics observed on soybean caused by species of Fusarium that are common 
pathogen on corn such as F. graminearum and F. proliferatum suggest that management 
practices such as crop rotation and tillage could affect population density and aggressiveness 
of these species. Soybean producers in Iowa use corn-soybean rotation in combination with 
reduce-tillage or no-tillage practices to preserve soil structure, increase organic matter and 
prevent erosion (23). However, these crop cultural practices may favor survival of Fusarium 
species on crop residues on the soil surface, which may affect both soybean and corn plants 
(32). 
Nevertheless, in the field experiments, several Fusarium isolates were not as 
aggressive on evaluations of disease severity and root morphological characteristics 
conducted, as opposed to greenhouse conditions. In the field, low root rot severity was 
observed in every experiment in each year. Although significant differences on root rot 
severity were observed in field experiments, only a few Fusarium isolates were detected 
causing more severe root rot on inoculated plants compared with the non-inoculated control 
plants. Absence of significant effects of Fusarium infection on mean yield and seed size at all 
locations used in this study, contrasts with work by Leath and Carroll (31), where the 
damaging potential of Fusarium root rot in small plots caused losses of 48% and 56% in field 
trials after inoculation with F. oxysporum. The differences between the two studies may have 
resulted from varying environmental conditions. Nevertheless, the significant negative 
relationships between yield and root rot severity and root morphological characteristics, 
obtained from regression analysis of individual isolates, provided evidence for potential yield 
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losses due to infection by some Fusarium species. The indications are that some Fusarium 
isolates may cause yield loss as a result of root rot, while others can cause different root rot 
symptoms without affecting yield. The study reported herein demonstrates that some of the 
most aggressive isolates tested in the greenhouse, such as F. graminearum FG1 and FG5, F. 
acuminatum FA18, F. sporotrichioides FSP31 and F. solani FS7, also had the strongest 
relationships with yield loss observed in yield conditions. 
Lack of correlation in some cases between root rot and yield may be due to the fact 
that visual root rot assessments cannot distinguish between superficial or cortical decay and 
decay occurring deeper in the root tissue that may damage the vascular system. For some 
Fusarium species, it has been shown that yield loss occurs only if the fungus colonizes root 
vascular tissue (43, 46). Many isolates that did not show high root rot severity in the field 
caused however, a detrimental effect on root architecture. Measurement of root 
morphological characteristics using WinRhizo software may therefore be more sensitive to 
assess root damage and possible yield impact of root infection by Fusarium spp. Digital 
image analysis facilitated precise quantification of the effect of Fusarium isolates on root 
morphology characteristics, which could be important indicators for reduced potential uptake 
of water and nutrients by infected soybean roots (22, 49). 
Correlation analysis in this study indicated that yield reduction resulted from 
increased root rot severity. However, soybean yield, root rot, seed size and root 
morphological characteristics were not always significantly correlated.  The results varied 
according to location and year. Other factors such as planting depth, cool soil temperatures 
and moisture, especially early in the growing season, often favor infection by Fusarium 
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species (45). Later in the growing season biotic and abiotic stress factors such as soybean 
cyst nematode, other root rot pathogens, soil pH, iron deficiency (iron chlorosis), hail 
damage, and herbicide injury could be additional factors interacting with root rot in soybeans 
(7, 34, 35, 38, 54, 61).   
This research provided information on Fusarium species aggressiveness and potential 
for causing yield loss, as well as a better understanding of the importance of the disease in 
Iowa.  Additional research, however, is required quantify environmental conditions and 
components that could be conducive to the damage caused by Fusarium root rot in soybean 
fields.  
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Table 1. Fusarium isolates evaluated for aggressiveness in greenhouse conditions and in field 
microplot experiments at different locations. 
            Greenhouse  
Field 
Experiments a 
Isolate  name Species Year County Plant 
Stage 
Isolate 
ID 
Experiment 1 2 3 
23L3 F. acuminatum 2007 Mitchell V3 FA16 + + + + 
98T3 F. acuminatum 2007 Hardin V3 FA17 + - + - 
276L8 F. acuminatum 2007 Delaware R1 FA18 + - + - 
178T8 F. acuminatum 2007 Palo Alto V4 FA19 + - - - 
2T3 F. acuminatum 2007 Allamakee V3 FA20 + - - - 
34T8 F. acuminatum 2007 Hamilton R1 FA21 + - - - 
26L3 F. acuminatum 2007 Mitchell V3 FA22 + - - - 
149L3 F. acuminatum 2007 Cedar V2 FA23 + - - - 
80L9 F. equiseti 2007 O' Brien V3 FE25 + - + + 
48L3 F. equiseti 2007 Carroll V3 FE26 + - - - 
85L6 F. graminearum 2007 Butler V3 FG1 + + + + 
85T8 F. graminearum 2007 Butler V3 FG2 + - - - 
85T6 F. graminearum 2007 Butler V3 FG3 + - - - 
253L4 F. graminearum 2007 Floyd R2 FG4 + - - - 
149T3 F. graminearum 2007 Cedar V2 FG5 + - + - 
11L6 F. oxysporum 2007 Lyon V3 FO36 + - - - 
11T7 F. oxysporum 2007 Lyon V3 FO37 + - - - 
34T5 F. oxysporum 2007 Hamilton R1 FO38 + - + - 
120L9 F. oxysporum 2007 Lee V3 FO39 + + + + 
85T1 F. oxysporum 2007 Butler V3 FO40 + - - - 
117L1 F. oxysporum 2007 Jefferson V3 FO41 + - - - 
120L6 F. oxysporum 2007 Lee V3 FO42 + - - - 
19L2 F. oxysporum  2007 Crawford V2 FO43 + - + - 
10L4 F. oxysporum  2007 Winneshiek V2 FO44 + - - - 
11T6 F. oxysporum      2007 Lyon V3 FO45 + - - - 
19T10 F. oxysporum  2007 Crawford V2 FO46 + - + - 
216L9 F. oxysporum 2007 Dickinson V3 FO47 + - + + 
19L7 F. oxysporum 2007 Crawford V2 FO48 + - + - 
2L9 F. oxysporum 2007 Allamakee V3 FO49 + - - - 
114L5 F. proliferatum 2007 Adair V3 FP32 + - - - 
114L2 F. proliferatum 2007 Adair V3 FP33 + - - - 
301L6 F. proliferatum 2007 Audubon V3 FP34 + - - - 
15T1 F. proliferatum 2007 Benton V3 FP35 + - - - 
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217L9-4 F. semitectum 2007 Montgomery V5 FSE50 + - - - 
217 L9-3.2 F. semitectum 2007 Montgomery V5 FSE51 + - + + 
76T10 F. solani 2007 Louisa V4 FS6 + - + - 
76L2 F. solani 2007 Louisa V4 FS7 + + + + 
453 L10 F. solani 2007 Clarke R1 FS8 + - + - 
295T9 F. solani 2007 Allamakee R2 FS9 + - + + 
42T1 F. solani 2007 Floyd V2 FS10 + - - - 
42T8 F. solani 2007 Floyd V2 FS11 + - + - 
228T2 F. solani 2007 Polk V3 FS12 + - - - 
11T3 F. solani 2007 Lyon V3 FS13 + - - - 
5L5 F. solani 2007 Carroll V3 FS14 + - - - 
35T7 F. solani 2007 Johnson V2 FS15 + - - - 
29L6 F. sporotrichioides 2007 Calhoun V2 FSP28 + - - - 
194L4 F. sporotrichioides 2007 Marion V4 FSP29 + - - - 
120T8 F. sporotrichioides 2007 Lee V3 FSP30 + - - - 
29L1 F. sporotrichioides 2007 Calhoun V2 FSP31 + - + + 
3L6 F. virguliforme 2007 Fayette V2 FV24 + - - - 
a 1: ISU Horticulture Farm; 2: ISU Horticulture Farm; 3: ISU Hinds Farm 
(+): tested at respectively location; (-): No tested at respectively location 
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Table 2. Correlation coefficients (r) between root rot, soybean yield and root growth characteristics, for data combined over the 
three microplot field experiment from 2008 to 2010. 
 
 
Seed size 
(seed/kg) 
Root dry 
weight (g) 
Shoot dry 
weight (g) 
Root rot 
(%) 
Length 
(cm) 
Surface 
area (cm2) 
Diameter 
(mm) # Forks 
Volume 
(cm3) 
# 
Crossings # Tips 
Yield 0.387*** 0.050 0.082 -0.354*** -0.397*** -0.202*** 0.376*** -0.388*** -0.012 -0.485*** -0.523*** 
Seed size … 0.150*** 0.349*** -0.440*** 0.129** 0.317*** 0.360*** -0.028 0.446*** -0.111* 0.039 
Root dry 
weight … … 0.163*** -0.197*** 0.108* 0.158** 0.074 0.043 0.178*** 0.007 0.114* 
Shoot dry 
weight … … … -0.261*** 0.146** 0.239*** 0.165** 0.065 0.284*** -0.003 0.098* 
Root rot … … … … 0.011 -0.147** -0.258*** 0.105* -0.250*** 0.165*** 0.035 
Length … … … … … 0.899*** -0.310*** 0.938*** 0.665*** 0.859*** 0.903*** 
Surface 
area … … … … … … 0.100 0.810* 0.923*** 0.602*** 0.744*** 
Diameter … … … … … … … -0.359*** 0.449*** -0.584*** -0.392*** 
Forks … … … … … … … … 0.565*** 0.897*** 0.825*** 
Volume … … … … … … … … … 0.291*** 0.495*** 
Crossings … … … … …. … … … … … 0.854*** 
*Significant at the 0.05 probability level. 
**Significant at the 0.01 probability level. 
***Significant at the 0.001 probability level. 
99 
 
 
 
 
 
Figure 1. Effect of Fusarium species averaged over isolates on root rot severity (%), shoot 
and root dry weight (g), total root length (cm), surface area (cm2), root diameter (mm), total 
root volume (cm3), and number of tips, forks and crossings on soybean roots under 
greenhouse conditions. LS-means with the same letter are not significantly different (P= 
0.05). Data shown are means of four experimental runs. 
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Figure 2. Effect of Fusarium isolates on root rot severity (%), total root length (cm), and total surface area (cm2), on soybean roots 
at V3 stage under greenhouse conditions. * Significantly different from the non-inoculated control treatment at P=0.05 level using 
Dunnett’s t test.  Data shown are means for four experiment runs. 
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Figure 3. Percentage of seedling mortality   in soybean plants inoculated with 50 Fusarium isolates and one non-inoculated control 
treatment under greenhouse conditions. * Significantly different from the non-inoculated control treatment at P=0.05 level using 
Dunnett’s t test.  Data shown are means for four experiment runs. 
Fusarium isolates
FG
1
FG
2
FG
3
FG
4
FG
5
FS
6
FS
7
FS
8
FS
9
FS
10
FS
11
FS
12
FS
13
FS
14
FS
15
FA
16
FA
17
FA
18
FA
19
FA
20
FA
21
FA
22
FA
23
FV
24
FE
25
FE
26
FS
P2
8
FS
P2
9
FS
P3
0
FS
P3
1
FP
32
FP
33
FP
34
FP
35
FO
36
FO
37
FO
38
FO
39
FO
40
FO
41
FO
42
FO
43
FO
44
FO
45
FO
46
FO
47
FO
48
FO
49
FS
E5
0
FS
E5
1
Co
ntr
ol
Se
ed
lin
g m
or
tal
ity
 (%
)
0
20
40
60
80
100
  
    *
    *
       *
    
      
      *
  *     
      *
        
     
P<0.0001
        *
      *
           *
    *  
      *
     *
        
        *
102 
 
 
 
102 
 
 
 
Figure 4.  Effect of 10 Fusarium isolates on root morphological characteristics on soybean 
plants grown in microplot conditions in Experiment #3, at the ISU Hinds Farm, Ames, IA. 
Data shown are means from 2009 and 2010. A. Root rot severity (%), B. Total root length 
(cm), C. Number of tips. LS-means with the same letter are not significantly different (P= 
0.05). * Significant different from the non-inoculated control treatment at P=0.05 level using 
Dunnett’s t test. Data shown are means for 2009 to 2010. 
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Figure  5.  Relationship between root rot severity (%), root dry weight (g), total root length 
(cm), mean root diameter (mm) and root surface area (cm2) with yield (kg/ha) in soybean 
plants inoculated with selected Fusarium isolates in Experiment #1 and #2 at the ISU 
Horticulture Farm, Gilbert IA. Isolates were selected based on R2 close to 1 and P <0.05. 
Each point represents average measures from plants in a single microplot. Data showed was 
combined for 2009 and 2010 experiments. 
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CHAPTER 4.  
INTERACTIONS BETWEEN HETERODERA GLYCINES AND FUSARIUM ROOT 
ROT IN SOYBEAN  
 
A paper to be submitted to the journal Phytopathology 
 
Maria Mercedes Díaz Arias, Gregory Tylka, Leonor F. Leandro and Gary P. Munkvold. 
Department of Plant pathology and Microbiology, Iowa State University, Ames 50011. 
 
Abstract 
Fusarium species are ubiquitous in soil and may cause economically important 
soybean diseases including root rot. Depending on soil conditions root rots can be 
exacerbated by other soil borne organisms, such the soybean cyst nematode (SCN), 
Heterodera glycines, which is a widespread parasite of soybean. It is not known whether 
significant interactions between SCN and species of Fusarium causing root rot on soybean 
may occur.  Also there is not information about impact of this interaction.  To determine 
whether SCN infestation enhances root rot disease in soybean, greenhouse and field trials 
were conducted using cultivars differing in genetic resistance to SCN. Under greenhouse 
conditions, seedlings of SCN-susceptible and SCN-resistant cultivars were grown in soil 
infested with Fusarium alone and in combination with SCN. Two isolates from each of 8 
Fusarium species were tested and the following characteristic were assessed, root rot 
severity, number of SCN females, and root morphological characteristics. Significant 
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interactions between Fusarium isolates and SCN were observed. SCN had a significant effect 
on root rot severity; however, the effect differed among isolates. Combinations of both 
pathogens affected root morphological characteristics more severely than did the fungus 
alone, for almost all Fusarium isolates. Synergistic effects between SCN and Fusarium 
isolates F. graminearum FG2, F. solani FS2 and F. sporotrichioides FSP1 were also 
observed. There were no significant cultivar effects or significant interactions with cultivar 
for all variables measured. Field experiments were established in two Iowa locations (Story 
Co. and Hancock Co.). Soil and plant samples at two growth stages were collected to test for 
soil SCN populations and Fusarium root rot severity. In the field, positive correlations 
between SCN population density and Fusarium root rot severity were observed, but there 
were no consistent differences in root rot severity between SCN-resistant and susceptible 
cultivars. SCN appears to enhance Fusarium root rot with additive or synergistic effects, but 
only for particular Fusarium species.  However, the use of SCN-resistant cultivars does not 
appear to reduce Fusarium root rot symptoms. Overall, results indicate that H. glycines 
population densities, soil pH and Fusarium root rot interact to affect soybean yield; however, 
the interaction mechanism remain unclear. 
 
Introduction 
The Soybean cyst nematode (SCN), Heterodera glycines, is the most economically 
important pathogen of soybean (Glycine max (L.) Merr) in Iowa and the United States 
(23,33). SCN was first confirmed in Iowa, in Winnebago County in 1978.  Since then, the 
nematode has become distributed throughout Iowa, causing significant yield losses in 
soybean production in the state (Schmitt et al 2004). The importance of SCN does not depend 
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only on the damage caused by direct feeding on soybean roots. Soybean cyst nematodes also 
interact with other abiotic factors such as soil pH and iron deficiency chlorosis (5, 25), and 
biotic factors such as soil borne pathogens, especially fungi that cause wilt and root diseases 
(28). SCN in soybean has been associated with Rhizoctonia solani, Phytophthora sojae, 
Macrophomina phaseolina, Cadophora gregata (Phialophora gregata) and Fusarium spp. 
(16, 21, 27, 28, 29, 30, 31, 32, 34). 
Fusarium species are ubiquitous in soil and can cause devastating and difficult to 
manage soybean diseases such as sudden death syndrome (SDS), Fusarium wilt, seedling 
diseases and Fusarium root rot. Interactions are known to exist between SCN and Fusarium 
species in soybean. The most commonly reported interactions are between SCN and F. 
virguliforme, the causal agent of SDS, and with F. oxysporum, the cause of Fusarium wilt. 
Nematodes are known to increase severity of Fusarium wilt in other crops such as cotton, 
cowpea, potato and tomato (2, 26, 15). In soybean, few studies have demonstrated 
interactions between SCN and Fusarium wilt (27, 30).  Ross (27) has demonstrated that SCN 
predisposed soybean plants to Fusarium wilt infection and that disease symptoms were 
enhanced as result of this interaction.  
Interactions between SCN and Fusarium root rot have received little attention and 
limited examples have been documented (17, 12 7). Killebrew et al. (17) evaluated the 
interaction of F. solani and SCN. The study was conducted under greenhouse conditions, and 
the effects of four F. solani isolates alone and in combination with SCN on root rot severity 
were determined. Results indicated disease severity was not significantly changed when F. 
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solani and SCN were inoculated together on soybean compared to each pathogen inoculated 
alone. 
The Fusarium root rot complex occurs frequently and is a widespread field (?) disease 
in soybean (35). New species associated with soybean roots are continuously identified, 
therefore  no comprehensive evaluations of their pathogenicity, interactions, and  yield 
impact  have been undertaken (4, 3, 8, 10). Consistently, observations have suggested there 
are interactions among Fusarium root rot and SCN under field conditions; however, these 
observations have not been assessed with experimental data. There is significant value in 
investigating the influence of SCN on this disease complex due to the existing evidence for 
SCN interactions with other Fusarium diseases and the widespread nature of SCN in 
soybeans fields. The variable nature of Fusarium root rot occurrence may be better explained 
through more detailed knowledge of the important species and clarification of the importance 
of SCN-Fusarium interactions. Understanding this variability is an important step toward 
effective management. The objectives of the current study were to 1.) Determine if there is 
interaction between SCN and Fusarium root rot species in soybean and how the interaction 
affects root system growth and structure under field and greenhouse conditions and 2.) 
Determine the effect of SCN infestation and SCN resistance on Fusarium root rot. 
 
Material and methods 
Greenhouse and field experiments were conducted from 2008 to 2010, using soybean 
cultivars that differ in genetic resistance to SCN. Field plots were established at the Iowa 
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State University (ISU) Northern Research Farm near Kanawha, IA (Hancock County), and 
the ISU Woodruff Farm near Ames, IA (Story County). 
Greenhouse experiment 
Greenhouse experiments were conducted at ISU Department of Plant Pathology and 
Microbiology greenhouse facilities, Ames IA. Three preliminary experiments were 
conducted to optimize experimental conditions to favor nematode reproduction and 
development of Fusarium root rot symptoms by using varying temperatures, light duration, 
watering, fungus and nematode concentrations. With the results from the preliminary 
experiments, five experiments were then conducted with all eight species under uniform 
conditions.  
Source and identify of isolates 
Sixteen Fusarium isolates representing eight Fusarium species (F. acuminatum, F. 
equiseti, F. graminearum, F. oxysporum, F. proliferatum, F. semitectum, F. solani and F. 
sporotrichioides) were included in these experiments in addition to a non-inoculated control 
treatment (Table 2). Isolates were obtained from soybean root samples collected during a 
survey of Iowa fields conducted in 2007 (8, 9). Two isolates per species were chosen based 
on previous pathogenicity tests (11), one that caused severe soybean root rot and one that 
caused mild root rot. The two isolates were the used to determine if the presence of SCN 
would enhance root rot symptoms. Single-spore isolates were identified using morphological 
and molecular characterization. Each Fusarium isolate was grown for 7 to 20 days at room 
temperature (25°C ± 2°C) under fluorescent light on carnation leaf agar (CLA) and 
antibiotic-amended potato dextrose agar (PDA). Each isolate was examined microscopically 
and identified to species according to the system of Leslie and Summerell (18). Species 
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identity was confirmed by amplifying and sequencing the elongation factor 1-α (TEF) gene 
region using primer pairs ef1/ef2 and ef1/ef22, (14, 24). 
Fungal inoculum 
Inoculum of Fusarium isolates was prepared following the procedure described by 
Munkvold and O'Mara (19). A mixture of sand (1,900 ml), corn meal (380 ml), and water 
(110 ml) was autoclaved in bags for 1 h at 121 ºC on two consecutive days. Each bag was 
then inoculated by injecting 2 ml of a spore suspension (106 conidia / ml) of one of the 
Fusarium isolates, prepared from cultures on CLA. The bags were then incubated for 6 days 
at 25°C in the dark, and mixed every day. At planting, an autoclaved sand-soil mixture (1 
part soil: 2 parts sand) was mixed with fungal inoculum at a rate of 10% inoculum and 90% 
sand-soil mixture by volume. Cones (150 ml) were filled with the mixture. Control plants 
were grown in autoclaved sand-soil mixture amended with sterile (non-inoculated) cornmeal-
sand mix.  
Seed source and seedling preparation 
Two soybean cultivars (SCN- Pioneer 92M91 and SCN-resistant Pioneer 92M54) 
were selected for the greenhouse assay. Seed were surfaced disinfested in 1% sodium 
hypochlorite for 2 min, and rinsed twice for 2 min in sterile-distilled water. Four replicates of 
100 seeds per soybean cultivar were planted on moistened Kimpak® and incubated in the 
dark for 3 days at 25 ºC at the Seed Testing Laboratory at Seed Science Center, Iowa State, 
Ames, IA. After 3 days, seedlings were chosen for uniformity and transplanted individually 
to each cone already filled with sand-soil mixture with or without fungal inoculum, one day 
before soil infestation with nematode eggs (22).  
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Nematode source and extraction method 
Soybean cyst nematode was increased on SCN-susceptible cultivar Williams 82. 
Soybean seeds were grown in a naturally infested soil from Muscatine, Iowa, with a SCN 
population of HG type 0 (22), for seven weeks in the greenhouse. SCN females and cysts 
were obtained from soybean roots and soil. Egg extraction was performed at the ISU 
Nematology Laboratory using the methodology described by Tabor et al. (2003), with the 
modification of superficially disinfecting the eggs after extraction with 0.5% chlorhexidine 
acetate (Hibitane). Egg suspensions were prepared in autoclaved distilled water one day 
before soil infestation in a total volume of 250 ml and then diluted to reach a density of 5,000 
eggs/ml determined with a nematode counting slide. One day after seedling transplant, a 2.5 
cm deep hole was carefully made close to the seedling root, using a 100 ul sterile pipette tip, 
and 1 ml of the SCN egg suspension was added to the hole. Egg suspensions were constantly 
agitated during the infestation process in order to maintain a uniform concentration during 
application (22). 
Experimental design and environmental conditions  
A factorial experiment was performed, including the two soybean cultivars grown in 
soil infested with Fusarium alone, SCN alone, or a combination of both pathogens. 
Experimental units consisted of one cone with one seedling and there were five replicate 
cones per treatment. Cones were randomly placed in buckets filled with sand and maintained 
in a water bath at 24° C, with natural light supplements with a photoperiod of 16 h of 
artificial light, for seven weeks.  
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Nematode collection and cyst and female counts 
Plants without nematode inoculation were removed from the cones and the roots were 
well washed with a stream of tap water. Plants inoculated with SCN were washed by soaking 
each cone in a bucket of water to loosen soil and avoid dislodging female cysts. Roots were 
then placed on a #20 (mesh 250µ pore) sieve stacked over a #60 (mesh 850 µm pore) sieve, 
and sprayed with tap water 3 to 4 times in order to remove females from the root tissue (22, 
31). The remaining SCN-infested soil in the bucket was decanted thorough the sieves to 
collect cyst and females in the soil. Most of the females were retained on the 60-mesh sieve, 
and cysts and females were washed carefully into a clean 100 ml beaker. Each sample was 
filling with a sucrose solution (454g sucrose/1L tap water) and then agitated to re-suspend 
the sediments and nematodes. Each sample was later centrifuged in order to separate soil 
sediment and debris from nematodes before counting females and cyst under a dissecting 
microscope.  
Root assessments 
Root rot severity from each root was rated using a visual scale from 0-100%. Then 
digital image analysis of the root samples was conducted using WinRhizo software 2008 
(Regent Instruments Inc. Quebec, QC, Canada). Root measurements included total root 
length (cm), total surface area (cm2), and total volume (cm3), mean root diameter (mm), 
number of tips, number of forks and number of crossings. After image analysis, shoot and 
root weights (g) were obtained by oven-drying the samples at 80°C for 2 days. 
Data analysis 
The normal and homogeneous distribution of residuals was examined using SAS 
PROC PLOT. A preliminary analysis of variance (ANOVA) was conducted using PROC 
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GLIMMIX of SAS, version 9.2., to determine overall effects of infestation treatments (SCN 
and Fusarium alone, SCN plus Fusarium, and no-inoculated control treatment) on root rot 
severity, shoot and root dry weight, and root morphological characteristics. Data from all 5 
experimental runs was combined. A preliminary analysis was conducted using the 
treatment*variety interaction as a fixed effect. Since this interaction was not significant, the 
treatment main effects were compared using data averaged over the two soybean varieties 
used. Least significant differences were generated using Tukey-Kramer test at P ≤ 0.05.  
In order to determine the effect of Fusarium isolates on root rot severity and root 
structure characteristics in presence or absence of the nematode, PROC GLIMMIX of SAS 
was used to conduct an ANOVA, where cultivar, isolate, and nematode were treated as a 
fixed effects and experiment as random. Because were no significant cultivar effects or 
significant interactions (P > 0.05) with cultivar for all variables measured, treatment effects 
were tested using data combined from both soybean cultivars. Pairwise differences among 
treatment means were compared using the Tukey-Kramer test and considered significantly 
different if P ≤ 0.05. In addition, analysis of variance was performed by isolate category 
(mild-aggressive and high-aggressive) (9,11, 12) to determine whether presence of SCN 
enhanced root rot severity in non-aggressive isolates compared with highly aggressive 
isolates. 
SCN and Fusarium interactions 
The interaction between Fusarium and SCN was analyzed for each isolate separately. 
Root rot severity and root morphological characteristics were compared in plants inoculated 
with Fusarium with or without the nematode to determine whether SCN presence had a 
significant effect and if this effect corresponded to an additive or synergistic interaction. To 
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determine the type of interaction, treatment (isolates and control) means were used to 
calculate the percent reduction for each variable measured, with the following formula:  PR= 
[(X-Y)/ Y]*100, where X= mean of Fusarium alone, and Y= mean of Fusarium + SCN. 
Analysis of variance was conducted to determine if the change in each dependent variable 
due to the combination of both pathogens was greater than or equal to the sum of the changes 
due to the individual pathogens (Appendix 9). In addition SAS PROC CORR was used to 
calculate simple phenotypic correlation coefficients between number of SCN females and 
root rot severity. 
Field experiments 
Experiments were conducted at two locations in Iowa in fields with a history of high 
SCN population densities. Field plots were established at the ISU Northern Research Farm 
near Kanawha, IA (Hancock County) and at the ISU Woodruff Farm near Ames, IA (Story 
County), during 2008 to 2010. Experiments at Kanawha were planted on 9 May 2008, 18 
May 2009 and 6 May 2010. Experiments at Woodruff farm were planted on 20 Jun 2008, 4 
June 2009 and 24 May 2010. Soybean cultivars with different sources of SCN resistance 
(Table 2) were used to assess Fusarium root rot severity on genotypes with and without 
resistance to SCN. 
Data collection 
 Soil samples were collected two times during the season, once before planting in 
spring and once after harvest in the fall of each year. Initial (Pi) and final (Pf) soybean cyst 
nematode populations were determined with composite samples of ten soil cores (2.5cm 
diameter and 15 cm deep) per plot. Egg extraction and counting was done using the 
methodology described by Tabor et al. (31). After SCN egg counting, the remaining soil was 
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sent to the ISU Soil and Plant Analysis Laboratory to determine soil pH. Root samples were 
collected at two soybean growth stages, V2-V3 and R2-R3. A total of 10 plants per plot were 
collected per location and growth stage. Root rot severity from each plant was rated using a 
visual scale from 0-100%. Shoot and root fresh weights (g) were measured. One additional 
plant was collected from each plot for isolation of Fusarium species. Fresh roots were 
scanned and digital image analysis of the root samples was conducted using WinRhizo 
software, in order to determine total root length (cm), total surface area (cm2), and total 
volume (cm3), mean root diameter (mm), number of tips, number of forks and number of 
crossings. The isolates were recovered by culturing four surface disinfested root pieces on 
Nash Snyder artificial medium, which is semi-selective for Fusarium spp. (20). Putative 
Fusarium colonies were transferred to sterile potato dextrose agar (PDA) (Difco) and 
carnation leaf agar (CLA) for morphological identification. When plants were mature, the 
two middle rows of each plot were harvested using a small-plot combine at each location, 
and final yield (kg ha-1) was adjusted to 13% moisture. 
Data analysis 
  A preliminary, combined analysis was done using PROC GLM in order to determine 
significant differences in cultivar (C) between years (Y) and locations (L) (interaction 
Y*C*L). If the Y*C*L interaction was significant, treatment main effects were compared 
separately for each location. Yield and nematode population density data were analyzed 
individually for each farm; all data were subjected to an analysis of variance using the PROC 
GLM procedure of SAS. The effect of soybean cultivar on root rot severity by farm and by 
plant stage was analyzed using the PROC GLIMMIX procedure of SAS, where year was 
treated as a random effect.  
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SAS PROC CORR was used to calculate simple phenotypic correlation coefficients 
among variables. Correlation analysis was conducted by location and then by year within 
locations for the following variables: root rot severity, yield, nematode initial and final SCN 
eggs population, and root morphological characteristics. Linear regression analysis was 
performed averaging years for each location to describe the linear association that best 
predicted the yield loss from root rot severity, soil pH and nematode population densities 
(number of eggs) using PROC REG procedure of SAS. 
 
Results 
Greenhouse experiments 
Greenhouse experiments were conducted to determine if there is an interaction 
between SCN and 16 Fusarium isolates in two soybean cultivars (SCN-susceptible Pioneer 
92M91 and SCN-resistant Pioneer 92M54). There were no significant cultivar effects or 
significant interactions with cultivar for root rot severity and root growth characteristics 
measured, so data were combined for both cultivars.  
Overall, analysis of variance showed significant differences among treatments (SCN 
alone, Fusarium alone, Fusarium + SCN and non-infested control treatment) for some of the 
root health characteristics measured. There were no significant differences in root rot severity 
when plants were exposed to both pathogens compared to Fusarium alone, but soil 
infestation with both pathogens resulted in significantly greater root rot compared to SCN 
alone or the control (Table 3). The combination of both pathogens consistently resulted in 
detrimental effects on root dry weight, root length, total surface area, and number of forks 
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and tips compared with individual pathogen treatments. Root volume was not significantly 
affected by infestation treatment.  The combination of both pathogens did not have a 
significant effect on shoot dry weight compared with Fusarium alone, but differed 
significantly from SCN alone. Number of crossings and mean root diameter were 
significantly different for the combination of both pathogens compared to the Fusarium alone 
treatment, but this combination treatment did not differ significantly from the SCN alone and 
control treatments. A significant negative correlation was observed between root rot severity 
and number of SCN females and cysts (r= -0.41, P=0.023). 
SCN presence had significant effects on root rot severity when the interaction 
between SCN and Fusarium was analyzed for each isolate (Fig. 1). However, the 
significance of the interaction differed among isolates. In addition, no significant increase in 
root rot severity was observed when the nematode was co-inoculated with isolates with mild 
aggressiveness compared to isolates with high aggressiveness. 
At the isolate level, a detrimental effect was observed on root morphological 
characteristics measured in the presence of SCN. For example, the combination of both 
pathogens decreased total root surface area for some isolates compared with fungus alone 
(Fig. 1). Similar results were observed for number of forks and root length, showing that the 
Fusarium-SCN combination was consistently more detrimental to root development than 
either pathogen alone (Appendix 7). Co-inoculation with SCN and Fusarium isolates had an 
additive effect on surface area reduction compared with individual pathogens, except for 
three isolates (FG2, FS1 and FSP1) that showed evidence of a synergistic effect (Fig. 2) 
(Appendix 8); i.e., the effect of both pathogens together was greater than the sum of both 
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individually. Figure 3 illustrates the root damage caused by F. graminearum FG2 and SCN 
alone and in combination compared with the non-inoculated control treatment. 
Field experiments 
There were no consistent differences in root rot severity between SCN-resistant and 
SCN-susceptible cultivars at either location (Fig. 4). Combined analysis of variance showed 
greater root rot severity at Kanawha Farm compared with Woodruff Farm (P=0.0001). 
  At Kanawha Farm, differences in root rot severity were found between cultivars 
(P=0.047), however this effect was only significant between SCN-susceptible cultivar 
L2646R and SCN-resistant cultivar L2620R/L2120R (CystX). At Woodruff farm no 
significant differences in root rot were observed among cultivars, but  a higher percentage of 
root rot symptoms were observed at reproductive stages (R2-R3) compared to vegetative 
stages (V2-V3) (P=0.0004) (data not shown). Although low percentages of root rot severity 
were observed in field, nine Fusarium species were isolated from symptomatic and 
asymptomatic root tissue. F. oxysporum was the most frequent species at Kanawha (11% to 
46%), while F. acuminatum was recovered from 4 to 86% of plants at Woodruff Farm (Table 
4). No significant differences were obtained in isolation frequency of Fusarium species 
colonizing soybean roots from SCN-susceptible and SCN resistant cultivars (P=0.518). 
Differences in yield and SCN population densities were observed between locations 
and years. Mean yield averaged over years was significantly different between locations 
(P<0.0001); higher yield was observed in Kanawha, averaging 3,482.7 kg/ha, compare with 
2,632.99 kg/ha at Woodruff Farm. Analysis of variance by location showed yield was 
significantly different among cultivars in 2009 and 2010 at the Kanawha Farm; at Woodruff 
Farm yield was significantly different among cultivars for all three years (Table 5). Initial 
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SCN population densities were not significantly different among years in both locations. 
However, differences in final nematode populations and nematode reproduction factor were 
observed and varied among years and locations. 
Correlation Coefficients 
Combined data for the three years at the Kanawha Farm showed negative correlations 
between root rot severity and yield (r= -0.30, P=0.011). Analysis by year showed that there 
was a significant positive correlation between root rot severity and final SCN population 
density (r=0.60, P=0.0017) and SCN reproduction factor (r= 0.45 P=0.025) in 2008. Yield 
and SCN populations were negatively correlated, but these correlations were not significant. 
SCN population was positively correlated with soil pH (Pi: r=0.41, P=0.0004; Pf: r= 0.48, 
P<0.0001) and root length Pi: r=0.721, P<0.0001; Pf: r= 0.37, P=0.0015). Root rot severity 
was also positively correlated with soil pH, however this correlation was significant only in 
2009 (r= 0.61, P=0.0016) and 2010 (r=0.41, P=0.045). In addition, yield was negatively 
correlated with soil pH in 2009 and 2010, but this correlation was significant only in 2009 
(r= -0.41, P= 0.051). There were positive correlations between yield and root morphological 
characteristics such as root surface area (r=0.58, P=0.0032), root diameter (r=0.47, 
P=0.0216) and root volume (r=-0.70, P=0.0001) in 2009; there were also positive 
correlations among all root characteristics measured, in contrast, correlations between root 
morphological characteristics and root rot severity, soil pH and nematode populations were 
not consistent (data not shown). 
Combined data for the three years at Woodruff Farm showed negative correlations 
between root rot severity and yield (r= -0.42 P<0.0001); root rot was  positively correlated 
with soil pH (r=0.66, P<0.0001), and final SCN population density (Pf: r=0.31, P=0.0005). 
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Nematode population densities were also positively correlated with soil pH (Pi: r=0.30, 
P=0.001; Pf: r= 0.20, P=0.03). In addition, there were negative correlations between soil pH 
and yield (r= -0.34, P=0.0001) and between yield and final SCN population density (Pf: r= -
0.31, P=0.0006). Analysis by year showed that there were positive correlations between yield 
and root morphological characteristics. In 2008, yield was correlated with root diameter 
(r=31, P=0.049) and root volume (r=0.35, P=0.027) and in 2009, yield was correlated with 
the same variables with coefficients of correlation of r=0.33 (P=0.041) and r=0.39 (P=0.01) 
respectively. In 2010, yield was correlated with root length (r=0.37, P<0.0001), root surface 
area (r=0.34, P<0.0001), root volume (r=0.33, P<0.0001), number of tips (r=0.18, P=0.013) 
and number of forks (r=0.30, P<0.0001). 
Regression analysis 
Overall, significant negative relationships were found between root rot severity and 
yield in both locations. Root rot severity explained 17.13% of the variation in yield at 
Woodruff Farm, and 8.8% of the variation in yield at Kanawha Farm (Fig.5).  At Woodruff 
Farm, there were significant positive relationships between root rot severity and SCN final 
population density (R2= 0.10, P=0.0005), and soil pH (R2= 0.43.7, P<0.0001). No significant 
relationships were observed between root rot severity and nematode population densities and 
soil pH at Kanawha. However, there were significant relationships between nematode initial 
(R2=0.165, P=0.0004) and final (R2=0.232, P<0.0001) population densities with soil pH. 
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Discussion 
The results of this study suggest that the presence of SCN enhances root rot 
symptoms caused by some Fusarium isolates, although root development characteristics 
were more consistent indicators of SCN-Fusarium interaction than root rot severity under 
greenhouse conditions. The use of SCN- resistant cultivars does not appear to reduce 
Fusarium root rot symptoms. In the field, differences in root rot severity between SCN 
resistant and susceptible cultivars was not consistent; however results indicate correlations 
between SCN population densities, soil pH, Fusarium root severity and soybean yield may be 
present. 
The effect of SCN presence on root rot severity differed among isolates, however, 
root rot severity was not significant increased from any of the isolates tested when nematode 
was present. Our results agree with the study done by Killebrew et al (17) where disease 
severity was not significantly changed when F. solani and SCN were inoculated together on 
soybean compared to each pathogen alone. However, for Killebrew et al (17) study root rot 
severity was based on a visual assessment with limitations on accuracy and precision; new 
technology provides improved methods to assess pathogen effects on plant root systems. In 
this study, the use of digital image analysis facilitated more precise quantification of the 
effects of SCN-Fusarium interaction on soybean root system structure. Using WinRhizo for 
root image analysis revealed significant interactions between Fusarium isolates and SCN; 
detrimental effects on root system structure were enhanced when SCN was combined with 
some Fusarium isolates. For example, the combination of both pathogens decreased total root 
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surface area and root length for several isolates, to a greater extent than with fungus alone. 
Based on our study we conclude root development characteristics were more consistent 
indicators of SCN-Fusarium interaction than visually assessed root rot severity.  
Several types of SCN resistance were included among the cultivars used for the study. 
In spite of the relationship between SCN population densities and root rot severity, SCN-
resistant cultivars did not consistently have lower root rot severity than susceptible cultivars, 
regardless of resistance type. The mechanism by which SCN infestation increased 
susceptibility of the plant or the colonization of soybean roots by Fusarium species was not 
addressed in this study, but results suggest that physical wounding could be the main 
mechanism by which SCN increases the susceptibility to Fusarium root rot. Resistance to 
SCN reduces nematode feeding site development and reproduction, but does not prevent root 
penetration by SCN juveniles and the associated stress on the plant (6, 28). Our results 
support previous research on nematode interactions with soil borne pathogens in soybean, 
where mechanical wounding by SCN may produce a route of entry into the root for the 
fungus as a consequence of nematode activities such as feeding, movement, growth and 
reproduction on soybean roots (31, 32). 
SCN-Fusarium combination was consistently more detrimental to root development 
than either pathogen alone. This effect appeared to be additive except for three isolates (FG2, 
FS1 and FSP1) with evidence for synergistic effects where the effect of both pathogens 
together on the crop is greater than the sum of the individual effects. Additive or neutral 
effect happens when the combination of the nematodes and Fusarium cause plant damage 
that equates to the sum of individual damage by both pathogens (2).   
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Although fungal root disease and nematode complexes can be assessed accurately in 
greenhouse inoculation tests where environmental conditions are more stable and easy to 
control, actual economic effects on crop yield and quality in the field are more difficult to 
discern. As a consequence, many reports on disease complexes contradict one another (2, 
26). Fusarium spp. and soybean cyst nematode are not interacting alone in the soil; there are 
many abiotic and biotic factors that may be favorable or unfavorable for SCN – Fusarium 
interactions. Root disease and nematode complexes can be influenced not only by the host 
but also by other antagonistic microorganisms such as bacteria, fungi and nematodes, and 
environmental conditions such as temperature, soil pH, soil moisture, soil type, structure and 
chemical constitution (1, 2, 13, 26).  
High correlation coefficients were observed between root rot severity, soil pH, 
nematode population density and yield. SCN population density was positively correlated 
with root rot severity and soil pH and negatively correlated with yield. These results are in 
conformity with Pedersen et al. (2010), who conducted soybean field experiments to assess 
the relationship between SCN and soil pH and consequent effect on yield. Results from that 
study indicate that SCN population densities and the impact of nematode population densities 
on soybean yield are related to soil pH. In this study, the high significant coefficient of 
determination values obtained between both pathogens and soil pH demonstrate that there is 
an association between Fusarium and soil pH. However further investigations are needed in 
order to determine the mechanism of these interactions, and how these interactions can affect 
soybean productivity.  
Data obtained from greenhouse and field experiment suggest there possible is an 
association between certain Fusarium root rot species and soybean cyst nematode that can 
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affect soybean yield. Greenhouse experiments suggest that under favorable conditions, 
strains of F. graminearum, F. sporotrichioides and F. solani have the highest detrimental 
effects on soybean roots in the presence of SCN. On the basis of our results, researchers and 
plant breeders may need to take into account other Fusarium species in addition to F. 
virguliforme (the causal agent of sudden death syndrome), that have demonstrated high 
aggressiveness on soybean plants (Diaz et al. unpublished data) and also have detrimental 
effects on soybean roots in presence of SCN such as F. graminearum.  
This research provided information on Fusarium root rot interactions with SCN and 
soil pH. However, additional research is needed to determine the mechanism of interaction 
between these factors and to determine which environmental conditions are most favorable 
for the interaction.  
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Table 1. Source, year of collection, and aggressiveness of Fusarium isolates, representing 
eight Fusarium species, tested for interaction with the soybean cyst nematode (H. glycines) 
under greenhouse conditions. 
 
Species Isolate County Plant stage Year 
Isolate 
ID 
Aggressiveness 
a 
F. graminearum 149T3 Cedar V2 2007 FG1 1 
F. graminearum 85T6 Butler V3 2007 FG2 2 
F. solani 11T3 Lyon V3 2007 FS1 1 
F. solani 453L10 Clarke R1-R2 2007 FS2 2 
F. acuminatum 178T8 Palo Alto V4 2007 FA1 1 
F. acuminatum 26L3 Mitchell V3 2007 FA2 2 
F. equiseti 80L9 O' Brien V3 2007 FE1 1 
F. equiseti 48L3 Carroll V3 2007 FE2 2 
F. sporotrichioides 194L4 Marion V4 2007 FSP1 1 
F. sporotrichioides 29L6 Calhoun V2 2007 FSP2 2 
F. proliferatum 114L5 Adair V3 2007 FP1 1 
F. proliferatum 301L6 Audubon V3 2007 FP2 2 
F. oxysporum 11T6 Lyon V3 2007 FO1 1 
F. oxysporum 85T1 Butler V3 2007 FO2 2 
F. semitectum 217L9 3.2 Montgomery V5 2007 FSE1 1 
F. semitectum 217L9 4 Montgomery V5 2007 FSE2 2 
None Control -    -  CO 0 
a Level of aggressiveness, 0: none, 1: high, 2: mild.  
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Table 2. Maturity groups, SCN reaction and source of resistance of soybean cultivars planted 
at two field sites in Iowa in 2008 to 2010. 
 
Cultivar Location MG 
SCN 
reaction 
Source of SCN 
resistance 
Brand 
Kanawha Ames         
92M91  √ √ 2.9 Susceptible   Pioneer 
92M76  √ √ 2.7 Resistant PI88788 Pioneer 
92M11  √   2.1 Resistant Peking Pioneer 
92M53    √ 2.5 Resistant Peking Pioneer 
92M54    √ 2.5 Resistant PI88788 Pioneer 
L2646R /L2635R * √ √ 2.6 Susceptible   Latham 
L2620RX / L2120R* √ √ 2.1  Resistant CystX Latham 
L2658R     √ 2.6 Resistant PI88788 Latham 
Faribault  √ √ 1.9  Resistant PI209332 … 
AG 2403   √ 2.4 Susceptible   Asgrow 
DKB 28-52   √ 2.8 Susceptible   Asgrow 
* In 2010 Latham changed the name of the cultivar  
Source: Tylka et al. 2008 & 2010, Iowa State University Extension 
(http://www.extension.iastate.edu/Publications/IPM1649.pdf) 
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Table 3. Root rot severity (%), shoot and root dry weight (g), total root length (cm), total root surface area (cm2), average root 
diameter (mm), root volume (cm3), number of forks, tips and crossings for soybean plants grown in soil infested with Heterodera 
glycines and Fusarium spp., alone and in combination under greenhouse conditions.  
 
Treatment  Root rot 
severity 
(%) 
Root dry 
weight 
(g) 
Shoot dry 
Weight 
(g) 
Length 
(cm) 
Surface 
area (cm2) 
Volume 
(cm3) 
No. 
Tips 
No. 
Forks 
No. 
Crossings 
Diameter 
(mm) 
Fusarium 42a 0.15a 0.46b 273b 56a 0.94a 239c 1,156b 56a 0.65a 
Fusarium+ SCN 42a 0.13b 0.47b 218c 42b 1.02a 254b 823c 43b 0.60b 
SCN 18b 0.16a 0.57a 280b 55a 0.88a 299a 1,019b 50ab 0.62ab 
None 13b 0.18a 0.56a 335a 70a 1.18a 287a 1,377a 66a 0.64ab 
SCN: soybean cyst nematode (Heterodera glycines), None: non-inoculated control treatment. 
LS-means with the same letter are not significantly different (P>0.05). 
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Table 4. Frequency of isolation (%) of Fusarium spp. at the ISU Kanawha and Woodruff Farm in Iowa during 2008 to 2010.  
 
 Kanawha Vegetative stages  Reproductive stages 
Fusarium spp. 2008 2009 2010 2008 2009 2010 
F. acuminatum 11 14 21 13 11 30 
F. graminearum 11 0 3 4 7 3 
F. oxysporum 32 43 21 31 11 18 
F. proliferatum 3 0 0 2 0 0 
F. solani 27 0 36 30 21 33 
F. sporotrichioides 11 0 0 7 29 0 
F. subglutinans 0 0 0 2 4 0 
F. virguliforme 0 0 0 2 0 5 
No Fusarium 16 43 12 7 18 10 
N 37 7 33 54 28 40 
  Woodruff Vegetative  stages Reproductive stages 
Fusarium spp. 2008 2009 2010 2008 2009 2010 
F. acuminatum 4 13 21 86 9 13 
F. equiseti 0 0 0 2 0 4 
F. graminearum 0 0 14 0 9 23 
F. oxysporum 19 25 0 5 17 15 
F. proliferatum 4 0 0 0 0 0 
F. solani 12 13 12 2 9 23 
F. sporotrichioides 4 0 5 2 9 3 
F. verticillioides 0 0 0 0 0 2 
F. virguliforme 0 0 5 0 0 14 
No Fusarium 58 50 43 7 34 4 
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Table 5. Average seed yield and SCN population densities at planting (Pi) and harvest (Pf) during 2008 to 2010 field experiments 
at the ISU Woodruff and Kanawha Experimental Farms. 
 
Kanawha 2008 2009 2010 
Cultivar Yield (kg/ha) Pi Pf Yield (kg/ha) Pi Pf Yield (kg/ha) Pi Pf 
92M91 3319 900 2700ab 3090a 11375 6950 3467abc 2150 7775ab 
92M76 (PI88788) 3512 475 525b 4279ab 4825 2450 4278a 2050 2550b 
92M11 (Peking) 3514 750 50b 3701bc 6575 5325 3789ab 2500 1075b 
L2620RX (CystX) 3710 825 225b 3200bc 8150 4025 3294bc 2075 6575ab 
Faribault (PI209332) 3507 1275 250b 2873c 7400 5225 2735c 3275 1500b 
L2646R  3397 1325 3450a 3447bc 10700 10100 3574abc 2975 9925a 
LSD (0.05) NS NS 2714 744 NS NS 854 NS 6844 
                    
Woodruff 2008 2009 210 
Cultivar Yield (kg/ha) Pi Pf Yield (kg/ha) Pi Pf Yield (kg/ha) Pi Pf 
92M91 2084bc 501 8125a 2660bcd 251 3700a 3008ab 4725 850 
L2635R 2402abc 526 8325a 2592cd 26 1850ab 2421b 3950 475 
AG 2403  1955cd 551 9050a 2301de 1 3575a 2295b 4100 1100 
DKB 28-52  2340abc 926 4900ab 2746bcd 151 2050ab 2199b 4925 950 
92M76 (PI 88788) 2317abc 426 225b 3355a 101 50a 3341ab 3000 250 
L2120R (CystX) 2426abc 576 175b 2970abc 151 300b 3042ab 2600 500 
L2658R (PI 88788) 2551ab 601 425b 3198ab 76 350b 3073ab 5050 800 
Faribault (PI 209332) 1598d 251 625b 2037e 51 425b 2432ab 4300 650 
92M53 (Peking) 2688a 476 75b 3060abc 76 125b 2873ab 2075 575 
92M54 (PI 88788) 2409abc 626 450b 3034abc 176 575b 3583a 3250 600 
LDS (0.05) 479 NS 7252 552 NS 2444 1161 NS NS 
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Figure 1. Root rot severity (%) and root surface area (cm2) of soybean plants grown in soil infested with different Fusarium 
isolates in the presence or absence of the soybean cyst nematode (SCN). * Significant at P=0.05, ** P=0.01, ***P= 0.001. Isolates 
with level of aggressiveness, C0: none, 1: high, 2: mild.  
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Figure 2. Percent of reduction in total root surface area, root length, and root volume in 
soybean plants grown in soil infested with Fusarium and  SCN compared to SCN treatment 
alone (CO). Mean separation of the arcsine-transformed data is significant at P≤ 0.05 number 
with (*) where significant different from the control (SCN treatment) using t-test (LSD). 
 
 
 
 
136 
 
 
 
 
 
 
Figure 3. Effect of Fusarium graminearum (Isolate FG2) on soybean roots in presence and absence of the soybean cyst nematode 
(SCN).  
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Figure 4. Root rot severity measured in SCN-susceptible cultivars and SCN-resistant cultivars at ISU Experimental research Farms 
Woodruff and Kanawha. 
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Figure 5. Simple linear regression analysis of the relationship between root rot severity (%) 
and yield (kg ha-1) in field experiments at the Woodruff and Kanawha ISU research farms 
from 2008 to 2010. 
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CHAPTER 5. 
 
GENERAL CONCLUSIONS AND RECOMMENDATIONS 
The objectives of this research were to characterize the frequency and aggressiveness 
of Fusarium species from soybean roots and determine how these Fusarium species are 
impacting soybean growth and yield as root rot pathogens, alone and in combination with the 
soybean cyst nematode in Iowa. 
Data from a three-year state-wide soybean root survey showed that Fusarium species 
are ubiquitous in Iowa fields. Fifteen Fusarium species were identified, with F. oxysporum, 
F. solani, F. acuminatum, F. graminearum, F. sporotrichioides and F. proliferatum being the 
most frequent and widespread species in the state; other species (F. semitectum, F. 
subglutinans, F. virguliforme, F. armeniacum, F. verticillioides,  F. avenaceum, F. 
tricinctum and F. poae) were recovered from low percentages of fields. There is no previous 
evidence of an association of F. armeniacum with soybean roots, so this may be the first 
study recording this association. However, studies of pathogenicity and aggressiveness on 
soybean plants should be conducted to verify pathogenicity for this species. It is possible that 
F. armeniacum has been found previously and misidentified as F. acuminatum due to similar 
growth and morphological characteristics.  
Differences in incidence and prevalence were observed among Fusarium species in 
the Iowa survey. Variability in species frequency was found between growth stages; for 
example, F. oxysporum was recovered at higher frequency at vegetative growth stages 
compared to reproductive growth stages. No significant differences in incidence and 
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frequency of isolations were obtained among fields with different tillage practices and 
different row spacing. However, the design of this experiment was not focused on comparing 
fields with these specific crop management characteristics. Further research is needed to 
determine whether there is an effect of tillage practices and row spacing on Fusarium root rot 
species composition on soybean roots, and better understand if soybean root rot will increase 
under these management practices in Iowa fields. 
Isolates of the most frequent species were tested under greenhouse and field 
conditions. Greenhouse results showed differences in aggressiveness among species and 
isolates. F. graminearum caused the most severe root rot and detrimental effects on root 
morphological characteristics, followed by F. virguliforme and F. proliferatum. Significant 
variation in aggressiveness was observed among F. oxysporum isolates, some of which 
caused severe damping off. Our findings from root surveys and aggressiveness assays in the 
greenhouse confirm F. oxysporum is a widespread species in Iowa fields. We observed that 
the F. oxysporum complex constitutes a diverse group of strains that can be seedling and root 
pathogens with different levels of aggressiveness and also strains that are non-pathogenic to 
soybeans. Future research on genotypic variability between strains, and studies on virulence 
and behavior under different environmental conditions are needed to better understand the 
biology of this group of fungi and their role as soybean pathogens.  
In addition, root survey and aggressiveness experiments showed that Fusarium 
species typically associated with corn, such as F. graminearum and F. proliferatum, were 
frequently isolated from soybean roots. Both species showed high aggressiveness levels as 
root rot pathogens, and in addition, F. proliferatum was found to be an aggressive seedling 
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pathogen. These characteristics, combined with the shared host range with corn, indicate that 
Fusarium root rot of soybean caused by F. graminearum and F. proliferatum cannot be 
managed with the crop rotation system used in many of the Midwestern states. Additional 
studies considering other potential rotational crops, host resistance, fungicide seed 
treatments, and crop management practices to improve soil quality may help in the 
development of management strategies to reduce yield loss in soybean due to these two 
species. 
In field microplot experiments, low root rot severity was observed. Overall, mean 
yield was not significantly reduced, but regression analysis showed significant relationships 
between yield and root rot and root morphological characteristics. Some of the most 
aggressive isolates tested in the greenhouse also had the strongest relationships with yield 
loss. These isolates have potential detrimental effects on soybean productivity under 
favorable field conditions. More research is required to determine environmental effects on 
the aggressiveness of individual Fusarium species and their interactions with each other and 
the host. Future studies should investigate the use of multiple isolates as inoculum, as well as 
combinations of Fusarium and other soilborne pathogens, to determine if there might be 
synergistic effects that enhance the effects of Fusarium species on soybean roots under field 
conditions. 
Data obtained from SCN-Fusarium interaction experiments suggest there are effects 
of SCN activity on root rot caused by certain Fusarium species that can affect soybean yield. 
Results of greenhouse experiments suggest that under favorable conditions, strains of F. 
graminearum, F. sporotrichioides and F. solani have the highest detrimental effects on 
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soybean roots in the presence of SCN. On the basis of our results, researchers and plant 
breeders should take into account that other Fusarium species beyond F. virguliforme can be 
highly aggressiveness on soybean roots and their detrimental effects can be enhanced in the 
presence of SCN.  
 Finally, this research has also demonstrated associations between Fusarium root rot, 
SCN, and soil pH under field conditions. However, additional research is needed to 
determine the mechanism of interaction between these factors and determine which 
environmental conditions are most favorable for this interaction. The effects of other abiotic 
stress on the plant, such as herbicide application and hail damage, in relation to Fusarium 
root rot also warrant investigation. 
Overall, the research presented in this thesis has advanced our understanding of 
Fusarium species abundance and distribution in Iowa, their aggressiveness, interaction with 
SCN and abiotic factors such as pH, and their potential impact in soybean productivity. Our 
findings open many windows to future research on Fusarium root rot as a disease complex 
that could provide a foundation for developing successful resistance breeding and integrated 
pest management programs for Fusarium species affecting soybean production in Iowa and 
other U.S. states.  
 
 
 
 
 
 
143 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX 
 
 
 
 
 
 
 
 
144 
Appendix 1. Frequency (%) of isolation of Fusarium species recovered from soybean root at two plant stages, V2-V5 and R1-R in 
2007, 2008 and 2009.  
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Appendix 2. Prevalence (%) of Fusarium species in nine Iowa crop reporting districts from 
2007 to 2009. 
  2007 
 
Species C EC NC NE NW SC SE SW WC 
F. acuminatum 86 88 100 57 90 67 80 67 89 
F. equiseti 0 13 0 29 20 0 0 0 22 
F. graminearum 57 88 50 57 50 100 40 67 67 
F. oxysporum 86 100 100 100 60 100 80 100 89 
F. proliferatum 14 38 0 29 50 0 60 100 11 
F. semitectum 0 0 0 29 20 33 20 33 33 
F. solani 86 88 50 71 100 67 80 67 78 
F. sporotrichioides 29 13 0 14 40 67 60 33 56 
F. subglutinans 14 0 25 29 0 33 20 33 11 
F. verticilIIioides 0 25 0 29 0 33 20 0 0 
F. virguliforme 0 0 0 29 0 0 0 0 0 
  2008 
 
Species C EC NC NE NW SC SE SW WC 
F. acuminatum 75 75 67 50 100 100 33 100 83 
F. armeniacum 25 25 0 0 0 0 0 40 17 
F. equiseti 25 0 0 25 17 80 33 0 0 
F. graminearum 25 25 33 0 17 40 67 0 0 
F. oxysporum 75 100 100 100 83 40 33 40 100 
F. proliferatum 25 50 67 25 33 20 67 0 33 
F. semitectum 0 0 33 0 33 40 0 0 17 
F. solani 25 100 67 75 50 100 67 60 33 
F. sporotrichioides 25 50 0 0 33 0 0 40 0 
F. subglutinans 25 0 0 25 0 0 0 0 0 
  2009 
Species  C EC NC NE NW SC SE SW WC 
F. acuminatum 60 57 57 33 20 75 40 75 33 
F. armeniacum 20 0 0 0 20 0 0 25 0 
F. avenaceum 20 0 0 0 0 0 0 0 0 
F. equiseti 0 0 14 0 0 0 0 0 0 
F. graminearum 60 29 43 33 40 25 20 0 67 
F. oxysporum 100 71 71 167 100 100 40 75 67 
F. poae 0 0 0 0 0 25 0 0 0 
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F. proliferatum 0 14 0 0 0 0 0 0 0 
F. semitectum 20 0 0 0 0 0 0 0 33 
F. solani 80 71 57 100 80 50 80 100 67 
F. sporotrichioides 20 14 29 33 0 0 0 0 33 
F. subglutinans 20 0 0 33 0 0 0 0 33 
F. tricintum 0 14 0 0 0 0 0 0 0 
F. verticillioides 0 14 0 0 0 0 20 25 33 
F. virguliforme 0 0 14 0 20 0 0 0 0 
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Appendix 3. Root parameters, definitions, and units (from Atkinson, 2000). 
 
Variable Definitions Units 
 Root length 
(RL) 
Total root system size. Potential for absorption of nutrients or 
water from the soil  cm, m 
Root surface 
area (SA) 
Calculated from total length of the root system and the average 
diameter 
cm², 
m² 
Root average 
diameter (AD) 
The radius (diameter) of an average individual root. Potential for 
aplopast-sympleast exchange; growth potential influences, and 
response to soil physical conditions. 
mm 
Root volume 
(RV) Root volume is the space occupied or exploited by the roots. 
cm³, 
m³ 
Root dry 
weight (RDW) 
Oven dried weight of the total root system. Indicator of the amount 
of assimilates allocated below ground. g 
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Appendix 4. Disease note 
M.M. Díaz Arias, G.P. Munkvold, and  L. F. Leandro. 2011. First Report of Fusarium   
proliferatum causing Root Rot in Soybean (Glycine max) in Iowa.  Plant Disease 95 (10): 
1316.  
 
Fusarium species are widespread soilborne pathogens that cause important soybean diseases such as 
damping-off, root rot, Fusarium wilt and sudden death syndrome. At least 12 species of Fusarium, 
including F. proliferatum, have been associated with soybean roots, but their relative aggressiveness 
as root rot pathogens is not known and pathogenicity has not been established for all reported species 
(2). In collaboration with 12 Iowa State University extension specialists, soybean roots were arbitrary 
sampled from three fields in each of 98 Iowa counties in 2007-2009. Ten plants were collected from 
each field at both V2-V3 and R3-R4 growth stages (2). Typical symptoms of Fusarium root rot (2) 
were observed. Both symptomatic and asymptomatic root pieces were superficially sterilized in 0.5% 
NaOCl for 2 min, rinsed 3 times in sterile distilled water, and placed onto a Fusarium selective 
medium. Fusarium colonies were transferred to carnation leaf agar (CLA) and potato dextrose agar 
(PDA), and later identified to species based on cultural and morphological characteristics. Out of a 
total of 1230 Fusarium isolates identified, 50 isolates were recognized as F. proliferatum based on 
morphological characteristics (3).  F. proliferatum isolates produced abundant aerial white mycelium 
and a violet to dark purple pigmentation characteristic of Fusarium section Liseola. On CLA, 
microconidia were abundant, single-celled, oval and in chains in monophialides and polyphialides (3). 
Species identity was confirmed for two isolates by sequencing of the elongation factor (EF1-α) gene 
using the ef1 and ef2 primers (1). Identities of the resulting sequences (~ 680 bp) were confirmed 
using BLAST analysis and the FUSARIUM- ID database. Analysis resulted in 99% match for five 
accessions of F. proliferatum (e.g., FD01389, FD01858). To complete Koch’s postulates, four F. 
proliferatum isolates were tested for pathogenicity on soybean in a greenhouse. Soybean seeds of 
cultivar AG2306 were planted in cones (150 ml) in autoclaved soil infested with each isolate; 
Fusarium inoculum was applied by mixing an infested cornmeal-sand mix with soil prior to planting 
(4). Non-inoculated control plants were grown in autoclaved soil amended with sterile cornmeal-sand 
mix. Soil temperature was maintained at 18 ± 1ºC by placing cones in water baths. The experiment 
was a completely randomized design with five replicates (single plant in a cone) per isolate, and was 
repeated three times. Root rot severity (visually scored on % scale), shoot dry weight and root dry 
weight were assessed at the V3 soybean growth stage. All F. proliferatum isolates tested were 
pathogenic. Plants inoculated with these isolates were significantly different from the control plants in 
root rot severity (P=0.001), and shoot (P = 0.023) and root (P = 0.013) dry weight. Infected plants 
showed dark brown lesions in the root system as well as decay of the entire taproot. F. proliferatum 
was reisolated from symptomatic root tissue of infected plants but not from similar tissues of control 
plants. To our knowledge, this is the first report of F. proliferatum causing root rot on soybean roots 
in the U.S.  
 
 
References: (1) D. M. Geiser et al. Eur. J. Plant Pathol. 110: 473–479, 2004. (2) G. L. Hartman et al. 
Compendium of Soybean Diseases. 4th ed. Am. Phytopathol. Soc., St. Paul, MN, 1999. (3) J. F. Leslie 
and B. A. Summerell. The Fusarium Laboratory Manual. Blackwell Publishing, Oxford, UK, 2006. 
(4) G. P. Munkvold and J. K. O’Mara. Plant Dis. 86:143-150, 2002. 
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Appendix 5. Effect of each Fusarium isolate on root rot severity (%), shoot and root dry weight (g), total root length (cm), surface 
area (cm2), root diameter, total root volume (cm3), number of tips, forks and crossings on soybean roots under greenhouse 
conditions. 
 
Isolate 
ID         Species 
Root rot 
severity 
Shoot 
dry 
weight 
Root dry 
weight 
(g) 
Length 
(cm) 
Surface 
Area Diameter (mm) 
Volume 
(cm³) 
#  of 
Tips 
# of 
Forks 
# of 
Crossings 
Damping 
off (%) 
(%) (g) (cm²)  
FG1 F. graminearum 91* 0.31* 0.18* 138.4* 36.5* 0.83 0.77* 131* 477* 11* 5 
FG2 F. graminearum 88* 0.24* 0.16* 131.0* 33.3* 0.85 0.69* 111* 460* 16* 0 
FG3 F. graminearum 84* 0.33* 0.20 185.8* 47.0* 0.80 0.95* 170* 550* 19* 0 
FG4 F. graminearum 95* 0.22* 0.13* 96.7* 24.1* 0.87 0.49* 105* 333* 10* 10 
FG5 F. graminearum 96* 0.29* 0.18* 130.2* 34.1* 0.89* 0.73* 132* 452* 16* 5 
FS6 F. solani 84* 0.17* 0.08* 93.0* 19.0* 0.71 0.31* 94* 361* 17* 5 
FS7 F. solani 85* 0.16* 0.08* 79.5* 16.9* 0.84 0.30* 74* 242* 15* 5 
FS8 F. solani 29 0.38* 0.20 223.6* 56.0* 0.82 1.15* 136* 714* 31* 0 
FS9 F. solani 62* 0.22* 0.12* 144.6* 30.5* 0.71 0.52* 125* 629* 28* 0 
FS10 F. solani 77* 0.16* 0.09* 103.1* 22.2* 0.69 0.39* 106* 351* 17* 0 
FS11 F. solani 60* 0.36* 0.20 202.7* 49.7* 0.81 0.98* 146* 763* 29* 0 
FS12 F. solani 69* 0.18* 0.09* 108.3* 22.2* 069 0.37* 108* 340* 22* 0 
FS13 F. solani 83* 0.11* 0.09* 68.0* 13.4* 0.75 0.22* 69* 245* 15* 10 
FS14 F. solani 67* 0.21* 0.15* 106.7* 27.5* 0.83 0.58* 93* 425* 14* 0 
FS15 F. solani 50 0.24* 0.20 160.3* 38.6* 0.76 0.75* 124* 582* 23* 5 
FA16 F. acuminatum 47 0.32* 0.14* 219.1* 46.9* 0.67 0.81* 176* 753* 37* 0 
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FA17 F. acuminatum 50 0.40 0.21 287.2* 63.6* 0.73 1.14* 216 1069* 50* 0 
FA18 F. acuminatum 61* 0.30* 0.16* 202.1* 47.3* 0.76 0.90* 152* 790* 32* 0 
FA19 F. acuminatum 48 0.29* 0.15* 215.6* 47.6* 0.79 0.86* 162* 856* 40* 0 
FA20 F. acuminatum 61* 0.26* 0.13* 189.0* 40.4* 0.73 0.69* 153* 740* 32* 5 
FA21 F. acuminatum 43 0.33* 0.17* 261.2* 56.5* 0.71 1.00* 209 1123* 48* 0 
FA22 F. acuminatum 49 0.28* 0.16* 211.1* 46.5* 0.71 0.83* 181* 834* 37* 10 
FA23 F. acuminatum 53* 0.31* 0.18* 226.8* 50.9* 0.75 0.94* 175* 894* 41* 0 
FV24 F. virguliforme 88* 0.10* 0.06* 49.7* 12.7* 0.95* 0.27* 51* 177* 8* 0 
FE25 F. equiseti 52* 0.33* 0.14* 176.8* 39.2* 0.76 0.71* 152* 748* 33* 0 
FE26 F. equiseti 46 0.33* 0.13* 155.0* 33.6* 0.72 0.60* 134* 652* 28* 5 
FSP28 F. sporotrichioides 61* 0.22* 0.10* 106.2* 22.4* 0.72 0.39* 115* 421* 22* 0 
FSP29 F. sporotrichioides 73* 0.30* 0.18* 131.4* 33.2* 0.80 0.68* 117* 500* 18* 5 
FSP30 F. sporotrichioides 81* 0.32* 0.16* 146.7* 34.9* 0.85 0.68* 131* 580* 23* 0 
FSP31 F. sporotrichioides 74* 0.27* 0.14* 174.0* 36.6* 0.69 0.62* 160* 732* 34* 0 
FP32 F. proliferatum 87* 0.24* 0.12* 143.4* 28.9* 0.69 0.48* 136* 659* 32* 55 
FP33 F. proliferatum 76* 0.18* 0.10* 93.8* 19.9* 0.79 0.35* 102* 401* 20* 40 
FP34 F. proliferatum 85* 0.12* 0.05* 25.0* 6.40* 0.80 0.13* 37* 113* 5* 55 
FP35 F. proliferatum 65* 0.17* 0.08* 111.6* 22.6* 0.79 0.38* 104* 458* 25* 70* 
FO36 F. oxysporum 25 0.20* 0.12* 161.5* 37.9* 0.75 0.73* 127* 591* 23* 55* 
FO37 F. oxysporum 17 0.22* 0.13* 277.4* 55.3* 0.69 0.93* 216 1093* 58* 70* 
FO38 F. oxysporum 70* 0.22* 0.09* 87.4* 19.0* 0.69 0.35* 107* 358* 19* 70* 
FO39 F. oxysporum 34 0.24* 0.15* 227.8* 50.1* 0.79 0.91* 165* 1003* 43* 40 
FO40 F. oxysporum 33 0.27* 0.12* 237.6* 50.2* 0.68 0.86* 199 903* 47* 50 
FO41 F. oxysporum 53 0.15* 0.10* 149.0* 31.2* 0.76 0.53* 130* 543* 24* 55* 
FO42 F. oxysporum 38 0.16* 0.05* 95.8* 17.2* 0.69 0.26* 113* 418* 31* 50 
FO43 F. oxysporum 25 0.21* 0.11* 171.7* 40.6* 0.84 0.78* 130* 680* 26* 45 
FO44 F. oxysporum 21 0.21* 0.12* 172.2* 39.7* 0.78 0.74* 136* 757* 31* 25 
FO45 F. oxysporum 57 0.26* 0.14* 193.2* 45.5* 0.78 0.87* 161 791* 26* 75* 
FO46 F. oxysporum 20 0.23* 0.15* 215.9* 52.9* 0.81 1.07* 198 815* 31* 50 
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FO47 F. oxysporum 40 0.28* 0.15* 222.5* 50.8* 0.78 0.94* 163* 915* 33* 20 
FO48 F. oxysporum 34 0.27* 0.17* 210.6* 51.4* 0.83 1.04* 156* 890* 33* 45 
FO49 F. oxysporum 37 0.26* 0.11* 147.6* 33.5* 0.73 0.61* 129* 575* 27* 50 
FSE50 F. semitectum 40 0.44 0.21 274.6* 61.9* 0.77 1.14* 216 1132* 56* 0 
FSE51 F. semitectum 61* 0.35* 0.18* 211.4* 50.4* 0.78 0.97* 154* 768* 32* 0 
Control None 9 0.60 0.31 580.4 123.0 0.69 2.09 327 2242 131 0 
* Significant different from the non-inoculated control treatment at P=0.05 level using Dunnett’s t test.
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Appendix 6. Correlation coefficients (r) between root rot, yield and root characteristics for three microplot field experiments.  
 
 
Experiment 1a                       
  SS RDW SDW  RR  Len SA Diam  Vol Tip  Fork  Cros 
Y 0.664*** -0.013 -0.058 0.305* -0.027 -0.034 -0.203 -0.047 0.012 -0.024 0.074 
SS … -0.217 -0.208 0.049 -0.236 -0.257 -0.122 -0.267 -0.151 -0.240 -0.214 
RDW … … 0.960*** -0.309* 0.864*** 0.925*** 0.305* 0.949*** 0.883*** 0.804*** 0.737*** 
SDW … … … -0.377* 0.794*** 0.850*** 0.342* 0.871*** 0.832*** 0.726*** 0.703*** 
 RR … … … … -0.152 -0.192 -0.358* -0.222 -0.193 -0.059 -0.096 
 Len … … … … … 0.979*** -0.069 0.921*** 0.943*** 0.965*** 0.942*** 
SA … … … … … … 0.111 0.981*** 0.926*** 0.952*** 0.884*** 
Diam … … … … … … … 0.278* -0.049 -0.058 -0.204 
 Vol … … … … … … … … 0.874*** 0.902***. 0.798*** 
Tip … … … … … … … … … 0.891*** 0.884*** 
 Fork … … … … … … … … … … 0.952*** 
 Cros … … … … … … … … … … … 
Experiment 2b                       
 
SS RDW SDW RR Len SA Diam Vol Tip Fork Cros 
Y 0.999*** 0.356*** 0.392*** -0.156* 0.284*** 0.412*** 0.159* 0.377*** 0.165* 0.236*** 0.111 
SS … 0.357*** 0.392*** -0.156* 0.283*** 0.412*** 0.162* 0.378*** 0.164* 0.234*** 0.109 
RDW … … 0.812*** -0.383*** 0.305*** 0.769*** 0.595*** 0.859*** 0.111 0.055 -0.123 
SDW … … … -0.364*** 0.279*** 0.722*** 0.594*** 0.812*** 0.113 0.030 -0.113 
 RR … … … … 0.047 -0.249*** -0.404*** -0.386*** 0.110 0.234** 0.257*** 
 Len … … … … … 0.731*** -0.413*** 0.302*** 0.871*** 0.902*** 0.749*** 
SA … … … … … … 0.293*** 0.867*** 0.466*** 0.507*** 0.194** 
Diam … … … … … … … 0.712*** -0.566*** -0.568*** -0.738*** 
 Vol … … … … … … … … 0.036 0.068 -0.239*** 
Tip . … … … … … … … … 0.855*** 0.840*** 
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 Fork . . . . . . . . . . 0.856*** 
 Cros . . . . . . . . . . . 
Experiment 3c                       
  SS RDW SDW  RR  Len SA Diam  Vol Tip  Fork  Cros 
Y 0.999*** 0.051 0.163* -0.701*** -0.634*** -0.084 0.778*** 0.489*** -0.720*** -0.706*** -0.732*** 
SS … 0.050 0.164* -0.701*** -0.634*** -0.085 0.779*** 0.489*** -0.721*** -0.705*** -0.732*** 
RDW … … 0.033 -0.138* -0.029 0.086 0.110 0.146* 0.008 -0.114 -0.112 
SDW … … … -0.198** -0.153* 0.063 0.259*** 0.223** -0.193** -0.200** -0.237** 
 RR … … … … 0.475*** -0.063 -0.674*** -0.538*** 0.450*** 0.612*** 0.602*** 
 Len … … … … … 0.663*** -0.714*** -0.049 0.843*** 0.936*** 0.841** 
SA … … … … … … 0.013 0.709*** 0.333*** 0.488*** 0.206** 
Diam … … … … … … … 0.695*** -0.801 -0.775*** -0.888*** 
 Vol … … … … … … … … -0.331 -0.219** -0.486*** 
Tip … … … … … … … … … 0.806*** 0.889*** 
 Fork … … … … … … … … … … 0.901*** 
 Cros … … … … … … … … … … … 
*Significant at the 0.05 probability level. 
**Significant at the 0.01 probability level. 
***Significant at the 0.001 probability level. 
Y: Yield (kg/plot); SS: Seed size (# seed/kg); RDW: root dry weight (g); SDW: shoot dry weight (g); RR: root rot severity (%); Len: total root 
length (cm); SA: root surface area (cm2); Diam: average  root diameter (mm); Vol: total root volume (cm3): Tip: number of tips; For: number 
of forks; Cros: number of crossings. 
a,b  Experiments 1 and 2: At Horticulture Farm, Gilbert IA 
c Experiment 3: ISU Hinds experimental farm, Ames, IA 
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Appendix 7. Effect of Fusarium isolates on root rot severity (%) and root growth and structure characteristics in presence or 
absence of soybean cyst nematode (SCN). 
Isolate 
Root rot  
% 
Root dry 
weight (g) 
Length 
cm 
Surface area 
cm2 
Volume 
cm3 
Number of 
tips Number of forks Crossings 
Diameter 
mm 
(-) 
SCN 
(+) 
SCN 
(-) 
SCN 
(+) 
SCN 
(-) 
SCN 
(+) 
SCN 
(-) 
SCN 
(+) 
SCN 
(-) 
SCN 
(+) 
SCN 
(-) 
SCN 
(+) 
SCN 
(-) 
SCN (+) SCN 
(-) 
SCN 
(+) 
SCN 
(-) 
SCN 
(+) 
SCN 
CO 13 18 0.18 0.16 335 280 70 55 1.18 0.88 287 299 1377 1019* 66 50 0.64 0.62 
FA1 17 24 0.18 0.14 323 251 70 49*** 1.21 0.77 260 274 1346 988 58 49 0.68 0.60 
FA2 35 26 0.14 0.16 274 224 56 45 0.92 0.75 240 259 1143 866 54 41 0.62 0.63 
FE1 31 33 0.15 0.12 216 194 44 38 0.75 0.63 207 225 877 670 40 33 0.64 0.60 
FE2 19 31 0.15 0.14 284 227 57 42 0.95 0.65* 264 272 1192 805* 58 46 0.62 0.56 
FG1 79 70 0.19 0.14* 267 203 56 38** 0.97 0.60 238 242 1103 690* 52 40 0.69 0.58 
FG2 75 80 0.18 0.14 302 188*** 64 38*** 1.09 0.63 252 205 1277 626*** 60 30*** 0.68 0.65 
FO1 29 26 0.15 0.16 301 267 61 54 1.03 0.90 259 290 1323 1136 65 52 0.63 0.64 
FO2 34 34 0.12 0.12 251 190 52 38 0.87 0.61 224 217 1165 706** 58 32* 0.59 0.60 
FP1 69 66 0.14 0.11 237 191 46 33 0.71 0.46 227 263 1015 788 51 50 0.60 0.56 
FP2 79 65 0.07 0.08 114 129 22 24 0.36 0.37 112 161 469 470 25 24 0.60 0.61 
FS1 64** 40 0.09 0.09 173 178 31 35 0.47 0.55 157 199 699 781 44 39 0.63 0.63 
FS2 11 19 0.21 0.15** 348 243*** 76 48*** 1.34 0.78 281 269 1455 900*** 64 45 0.68 0.62 
FSE1 30 42 0.19 0.17 333 262 73 51*** 1.27 0.80 285 321 1394 947** 59 51 0.70 0.62 
FSE2 35 37 0.19 0.17 349 266* 73 51*** 1.23 0.79 302 310 1472 1006*** 65 52 0.66 0.59 
FSP1 34 39 0.16 0.12 317 219*** 63 39*** 1.00 0.57 250 261 1301 809*** 68 48 0.61 0.54 
FSP2 42 34 0.16 0.11* 278 229 54 41 0.84 0.61 259 269 1243 893 68 51 0.62 0.56 
*Significant at the 0.05 probability level. 
**Significant at the 0.01 probability level. 
***Significant at the 0.001 probability level. 
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Appendix 8. Percent reduction on total root length, total root surface area root volume, average root diameter, total number of tips, 
forks and crossings, when Fusarium and soybean cyst nematode  were inoculated together compere with the SCN alone treatment. 
Isolates Root dry weight 
Root 
length 
Total Surface 
area # Forks 
Total 
volume 
Average 
diameter # Tips 
# of 
crossings 
CO 7.5 15.4 19.7 25.4 24.1 3.5 -5.3 22.8 
FA1 24.0 22.0 29.8 26.1 36.6 11.5 -4.7 15.8 
FA2 -8.5 17.9 18.2 23.8 17.9 -1.7 -8.5 23.7 
FE1 14.8 7.7 8.4 21.8 13.7 5.7 -3.4 13.9 
FE2 6.0 19.6 26.3 31.5 31.5 9.1 -12.7 18.3 
FG1 28.5 23.5 32.0 37.4 37.7 15.4 -4.8 22.4 
FG2 23.1* 37.6* 40.1* 50.7* 41.7* 4.8* 18.3* 49.3* 
FO1 -6.5 7.7 10.4 9.6 12.0 -1.6 -17.1 12.2 
FO2 2.2 24.0 26.5 38.0 28.7 -2.2 4.0 42.5 
FP1 18.2 18.3 27.9 21.4 35.2 8.1 -17.1 -0.7 
FP2 -19.3 -15.0 -3.5 -2.0 -8.5 -1.3 -46.5 2.6 
FS1 -10.0* -18.1* -9.3* -33.5 -35.2* -2.8 -43.8* -8.8* 
FS2 28.9 30.0* 36.0* 37.7* 40.5* 8.8 4.6 29.2 
FSE1 10.3 21.1 30.1 31.8 36.8 12.1* -14.0 12.5 
FSE2 7.9 23.1 29.3 31.0 34.1 11.1 -3.1 20.5 
FSP1 25.0* 30.8* 37.2* 37.1 42.7* 12.0 -4.0* 29.3* 
FSP2 29.4 16.5 22.4 27.4 27.1 9.7 -4.4 23.8 
 
Original means are presented. Means separation of the arcsine-transformed data is significant at P≤ 0.05 number with (*) where significant 
different from the control (SCN alone) using t-test (LSD). 
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Appendix 9. Diagram with calculation used to determine if there is a synergistic or additive 
interaction due to SCN and Fusarium combination. Synergy occurs when Z > X + Y.  
 
Z = Y + W; 
Therefore synergy occurs when Y + W > X + Y or when W > X.  
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